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CHAPTER 1 
INTRODUCTION 
Surfactants are amphiphilic, organic or organometallic 
compounds. Amphiphilic substances, or amphiphiles, are molecules 
possessing di s tinct regions of hydrophobic and hydrophilic character. 
When amphiphilic molecules are dissolved in water they can achieve 
segregation of their hydrophobic portions from the solvent by self-
aggregation. The aggregated products, known as mi celles, consist of a 
hydrocarbon core with polar groups at the surface which serve to 
maintain the solubility of the amphiphile in water. The state of 
knowledge about micellization has been discusse d over the years by the 
following authors [Shinoda, Nakagawa, Tamamush i and Isemura 1963; 
Shinoda 1967; Schick 1967; Elworthy, Florence and Macfarlane 1968; 
Jungermann 1970; Tanford 1973; Fendler and Fendler 1975]. 
As well as being important compounds in the pharmaceutical and 
detergent industries, surfactant molecule s are analogous to the lipids 
present in biological membranes. Thus the understanding of micellar 
systems can provide models for studying the mo r e complicated biological 
macromolecules. Surfactant molecules normally conta in a strongly 
hydrophilic head group and one long hydrocarbon t a il, but lipids may 
have one or more (most often two) hydrocarbon tails attached to the head 
group. This thesis is concerned only with the amphiphile molecules 
which have one hydrocarbon tail attached to the polar head group. The 
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application of the te c hniques outlined in this thesis to those micelles 
formed by amphiphile molecules which have two hydrocarbon tails attached 
to the polar head group may be profitable for the further understanding 
of lipid systems. Despite the research which has been carried out in 
the field of surfactants, there remains much to b e learned about the 
micellization process. 
The physical properties of micelles, such as the size, shape 
and charge, have been investigated with techniques such as light 
scattering, ultracentrifugation, diffusion, viscosity and X-ray 
diffraction. The ability of micelles to dissolve hydrocarbons and other 
hydrophobic substances makes it possible to insert aromatic molecules 
inside the mice lles. Thus the spectroscopic studies of aromatic 
molecules in micelles provides a widely-us e d technique for the 
investigation of micellar systems. 
The position of the solubilizate in the micelle can be 
determined from a study of changes in the ultraviolet absorption spectra 
- for example, the wavelength of maximum absorptio n, and the vibrational 
fine structure of seve ral aromatic solubilizates. A resemblance between 
the absorption spectra of the solubilizate in the micellar phase and 
that in polar solvents is generally interpre ted as implying a polar 
environment for the substrate in the micelle [Riegelman, Allawala, 
Hrenoff and Strait 1958]. Conversely, a similarity between the 
absorption spectrum in the micellar solution and that in nonpolar 
solvents seems to indicate that the substrate is solubilized in a 
hydrocarbon-like environment [Riegelman et al . 1958]. The ultraviolet 
and visible absorption spectroscopic studies also provide a simple and 
useful technique for the determination of the critical micelle 
concentration (CMC} of surfactants. The CMC of a surfactant is 
extracted from a plot of the absorbance of"~propriate dye against the 
concentration of the surfactant [Corrin and Harkins 1946a and 1946b]. 
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The site of incorporation of solubilizates in micellar systems 
has also been investigated with proton nuclear magnetic resonance 
spectroscopy. Since both nuclear magnetic resonance frequencies 
(chemical shifts) and line widths are dependent on the molecular 
environment of the nuclei, changes in these parameters for solubilizates 
and surfactants as a function of concentration can provide precise 
information on the location of a solubilizate with respect to the 
micellar nuclei. In addition, comparison of the chemical shifts of a 
solubilizate in micellar systems with those in polar and nonpolar 
solvents can be used to obtain information on the nature of the 
environment of the solubilizate [Eriksson 1963; Eriksson and Gillberg 
1966]. Similar information on the location of substrates in micellar 
systems can be obtained using electron spin resonance spectroscopy 
[Hamilton and McConnell 1968; Griffith and Waggoner 1969]. The 
combined data obtained by PMR and absorption spectroscopy not only 
establishes the average solubilization sites but also indicates the 
nature of the environment of the micellar solubilization site. 
The development of new experimental techniques has played a 
maJor role in the a dvance s made in the understanding of molecular 
spectra and the decay of molecular luminescence. At this stage of 
development, it is possible not only to detect minute changes in the 
excited state of molecules through the absorption and emission of 
electromagnetic radiation but also to monitor picosecond events in the 
excited states of aromatic molecules. A combination of steady state 
fluorescence and time dependent fluorescence studies provide a powerful 
technique to investigate the excited state of polyatomic molecules and 
the formation of complexes by them. The fluore scence excitation and 
emission spectra, the quantum yields and decay time s of polyatomic 
molecules are the parame ters which are solvent dependent; hence, they 
provide information on the microenvironrnent of the solute molecules. 
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Since hydrocarbon chains of surfactant molecules are not 
fluorescent at usable wavelengths, micellar systems may be investigated 
using fluorescent probes, which are molecules containing suitable 
chromophores that are soluble in the rnicelle. The fluorescent probe 
technique involves inserting the fluorescent solute in the required 
media, observing the changes in the fluorescence parameters and finally 
interpreting t he state of the local environment of the solute. Studies 
of fluorescent probes in micellar systems can be carried out in order to 
obtain information on the viscosity, size, oxygen content, and polarity 
of the micelle interior. Alternatively, changes in fluorescence 
intensities, lifetimes, quantum yields, and quenching rates as compared 
to aque ous solution or homogeneous organic solvent can be cons i dered to 
be micellar effects on excited state reaction. Basic to the utilization 
of fluorescent probes is the requirement that the excited states be 
sufficiently long-lived to interact with their immediate environment 
prior to their decay. The lifetime of the excited state in fluorescence 
measurements is of the order of nanoseconds, and the dependence on the 
solvent properties can be used for investigation of micellar aqueous 
system. 
Aromatic mo lec ules such as naphthalene, methylanthrac ene, 
anthracene, pyrene and perylene have been us e d as fluore scent probes by 
various investigator s [Forster and Selinger 1964 ; Shinitzky, Dianoux, 
Gitler and Weber 19 71; Almgren 1972; Hautala and Turro 1972; Hautala, 
Schore and Turro 1973; Patterson and Vieil 1973; Chen, Gratzel and 
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Thomas 1974). The general conclusions are: that t he interior of a 
micelle resembles an aliphatic hydrocarbon s o lve nt [Shinitzky et al . 
1971]; that naphthalene molecules are solubilized in the interior of 
micelles [Almgren 19 72]; that the distribution of naphthalene molecules 
between micelles and the aqueous phase depends on the surfactant 
concentrations [Hautala et al. 19 73]; that an thrac ene is solubilize d a t 
the CTAB-water (CTAB - cetyltrimethylanunonium bromide) interface whereas 
perylene resides in the micellar interior [Patterson et al. 1973]; that 
the effective concentration of oxygen is different in the interior of 
different micelles [Hautala et al. 1973]. 
The fast phot ophysical properties of c omp lex formation in the 
excited state have b e en widely studied in fluorescence decay 
spectroscopy. These excited state complexes are described by such 
parameters as fluorescence intensities, emission frequencies, quantum 
yields, decay times, rate of formation and rate of dissociation. These 
parameters are sensitive to the microenvironment of the complex and 
therefore they may b e useful as fluorescent probes for the investigation 
of micellar systems. However, the rate of formation of the complex must 
be significantly faster than the rate of formation and breaking up of 
micelles so that a micelle can be treated as a microsolvent. 
The pyrene excimer was first used by Forster and Selinger 
[1964] as a fluoresc e nt probe to estimate the mi ce lle size from the 
ratio of the steady state intensities of the excimer to the monomer 
fluorescence. Since then th i s probe has been widely used to c alculate 
the mi celle size of sodium dodecyclsulphate [Ha use r and Kle in 1972]; to 
investigate the nature of the interior of the cationic mi c elles and to 
estimate the oxygen concentration in the mice lles [Dorrance and Hunter 
1972] and to estimate the viscosity of the mice lle interior [Pownall and 
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Smith 1973]. 
Information on the distribution of charged particles in 
micellar aqueous systems has been obtained from studies of the influence 
of a micelle on proto lytic reactions [Tong and Glesmann 1957; Kl e in and 
Hauser 1975]. However, the effect of surfactant on the acid-base 
equilibrium deserves more detailed study. 
The use of the fluorescence parameters of aromatic molecules 
and those of some excited state complexes as fluorescent probes to 
investigate micellar systems is a recent occurrence and further refine-
ment is possible in the experimental techniques. This thesis is mainly 
concerned with the fluorescence studies of some aromatic molecules and 
their excited state processes in surfactant micelles. 
CHAPTER 2 
FLUORESCENCE DECAY SPECTROSCOPY 
7 
This chapter describes the experimental techniques used to 
measure the fluorescence spectra and fluorescence lifetimes of some 
aromatic molecules in homogeneous and micellar solutions. In particular 
the spectrofluorimeter used to record the fluorescence spectra and the 
time correlated single photon counting instrument used to measure the 
decay of molecular fluorescence are described. The detailed treatment 
of the spectra and the decay curves is presented. The purification of 
chemicals and the preparation of surfactant solutions are also described. 
2.1 THE SPECTROFLUORIMETER 
The spectrofluorimeter used in this study has been described 
elsewhere [McDonald 1972]. Since all the fluorescence spectra presented 
in this thesis have been recorded with the spectrofluorimeter, a 
description of the instrument in its present form is given below. 
The instrument is schematically shown in Figure 2.1. The 
excitation source is a Wotan XBO 150 watt xenon lamp. The lamp housing 
is connected to a fan which removes the ozone (a health hazard) produced 
by the lamp. The lamp is prevented from overheating by circulating 
water through a copper coil which is wound around the inside of the 
housing. Excitation wavelengths are selected by a Bausch & Lomb hjgh 
F 
LAMP 
DMM AMP REC 
Figure 2 . 1. A schematic representation of the spectrofluorimeter . 
LAMP - Wotan XBO 150 watt Xe lamp. 
MONO Bausch & Lomb UV - visible monoc hromato r. 
F 
MM12 
PMT 
AMP 
REC 
DMM 
UGl l filter. 
Zeiss MI112 double prism monochromator. 
EMI 6256B photomultiplier . 
Princeton JB/4 phase sensitive lock-in amplifi e r. 
Vom 7 recorder . 
- Di g ital 1.mltir.1eter (Keithley). 
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intensity monochromator. A filter (usually a UGll for this study) is 
placed in the light path after the Bausch & Lomb monochromator in order 
to absorb any second order light that may pass through the monochromator. 
The selected excitation light is focussed onto the sample. Front 
surface geometry was used to collect the fluorescence. The fluorescence 
was analysed by a Zeiss MM12 double prism monochromator, and detected by 
an EMI 6256B photomultiplier. The output is fed to a Princeton JB/4 
phase sensitive lock-in amplifier. The lock-in amplifier considerably 
reduces the noise of a fluorescence spectrum by amplifying only signals 
of the appropriate frequency and phase. The signal from the sample is 
modulated by a 50 Hz chopper in the Zeiss MM12 and the JB/4 is also 
supplied with a mainrreference signal of frequency 50 Hz. The phase 
between the reference and sample signals is then adjusted in order to 
maximise the signal-to-noise ratio. Although this system greatly 
reduces photomult i plier noise, it has no effect on the noise produced 
before the analys i ng monochromator, such as noise due to the 
fluctuations in the intensity of the lamp. 
2.1.1 Correction of Fluorescence Spectra 
Fluorescence spectra recorded by any spectrofluorimeter 
require correction because the spectral response of the analysing system 
is non-linear with wavelength. It has been suggested that the spectrum 
should be corrected for variations in photomultiplier sensitivity, 
spectrometer d~spersion and any light losses in any other optical 
components through which the emission passes before detection (Chapman, 
Forster, Kortum, Lippert, Melhuish, Nebbia and Parker 1963]. The non-
linear response with wavelength of the spectrofluorimeter used in this 
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work is due to the lower sensitivity of the photocathode S13 of the EMI 
6256B photomultiplier at longer wavelengths and the greater dispersion 
of the quartz prisms of the Zeiss MM12 monochromator at shorter wave-
lengths. The overall response has been measured previously [Wilairat 
1966; Nott 1971] using the spectra of compounds for which corrected 
spectra are available. To produce the correction curve given in Figure 
2.2 Nott has used benzene, biphenyl, naphthalene, BBD (2,5-Diphenyl-
-:i 
1,3,4-Oxadiazole) and perylene and compared with the corresponding 
spectra given by Berlman [1971]. As the curve obtained by Wilairat 
[1966] is reproducible over long periods for the same monochromator and 
photomultiplier [Nott 1971], the correction curve in Figure 2.2 has been 
used to correct the fluorescence spectra presented in this study when-
ever it is essential to do so. 
The uncorrected spectrum as recorded by4Vom 7 recorder is 
converted to digital form with a DMAC pencil follower. The paper tape 
output from DMAC is read into the Univac 1108 computer. The x-axis data 
is converted to linear wavenumber from the conversion curve shown in 
Figure 2.3. This curve is approximated by a quintic polynomial over the 
range 14000 - 40000 cm- 1 (7143 - 2500 1\) [Hinde 1975]. The correction 
curve (Figure 2.2) is also approximated by a quartic polynomial over the 
range 18950 - 37200 cm- 1 ( 5277 - 2688 l\) and extrapolated up to 15000 cm- 1 
(6667 ~) [Hinde 1975). Multiplication of each po i nt on each spectrum by 
this function on a line ar wavenumber axis yields a s pectrum in which the 
ordinate is proportional to quanta of energy per wavenumber interval as 
suggested by Chapman et al. [1963). 
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2.1.2 Fluorescence Spectra of Pyrene 
The fluorescence spectra of pyrene consisting of both monomer 
and excimer species require two additional corrections other than the 
corrections applied due to the variations of the instrumental response 
as a function of wavelength. Since the fluorescence has an area where 
the emission due to the excimer and monomer overlap, the ratios of 
excimer to monomer fluorescence intensities have to be corrected for the 
mutual overlap of their spectra. Due to the overlap of the fluorescence 
with the absorption band, allowance has to be made for any reabsorption. 
These corrections are illustrated in Figure 2.4. The spectra were first 
corrected as described in the previous section. Then the corrected 
spectra were drawn together on the same linear wavenumber scale. The 
intensities of excimer fluorescence at each point on the linear wave-
number scale were obtained by subtracting the c ontribution of pure 
monomer fluorescence from the fluorescence consisting of both excimer 
and monomer. In turn the fluorescence of pure excimer was subtracted 
from the original fluorescence giving the pure monomer fluorescence. 
The ratio of the integrated area under excimer fluorescence to that of 
monomer gave the corresponding quantum yield ratio. 
2.2 SINGLE PHarON COUNTING 
The measured fluorescence lifetimes of the molecules whose 
excited state processes have been studied in this thesis are of the 
order of 10_ 8 - second. The single photon c ounting technique is therefore 
satisfactory for monitoring the time dependence of the fluorescence 
intensities of these molecules. 
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The instrument used for this study is schematically 
represented in Figure 2.5. The flash lamp repetition rate is 10 kHz. 
The lamp emission is viewed by a 1P28 photomultiplier tube through a 
fibre optic light guide and generates an electrical pulse for each input 
pulse. The output of the 1P28 is led to a constant fraction 
discriminator, through an appropriate delay. The discriminator selects 
the true flash lamp generated pulses by removing the photomultiplier 
noise. For every accepted input pulse, the discriminator generates one 
uniform output pulse (the START pulse) which in turn starts the time 
sweep of the time to amplitude converter (TAC). An output signal from 
the discriminator may be supplied to a counter to give the lamp 
repetition rate. The excitation lamp flash passes through the double 
grating monochromator and is focussed onto the front surface of the 
sample cell. The photons emitted by the sample are focussed onto the 
entrance slit of the analysing monochromator and the fluorescence wave-
length to be monitored is selected. The selected fluorescence is 
amplified by a 56 DUVP/03 photomultiplier tube, chosen for its low back-
ground emission and high single photon efficiency. The efficiency of 
the photocathode is above 20% for single photons and so about one in 
five fluorescence photons that reach the photocathode give rise fo an. 
electrical pulse. The lower limit to the time scale accessible to 
single photon counting is set by the transit time of the 56 DUVP/03. 
This is about 0.5 ns. The output signal of the photomultiplier is fed 
to the fast discriminator via a suitable delay. The discriminator level 
is adjusted for the best signal-to-noise ratio. For every input pulse 
accepted, the discriminator generates a standard output pulse which is 
fed to the stop input of the TAC. A discriminator output may be 
supplied to a counter to give the total number of STOP pulses per second. 
PULSE 
GENERATOR 
1P28 
HY-2 
& 
FLASH LAM 
LIGHT GUIDE 
MONO 1 
DELAY LINE DELAY LINE 
CONST. FRACT. 
DISCRIMINATOR 
COUNTER TAC 
BIASED 
AMPLIFIER 
FAST 
DISCRIMINATOR 
COUNTER 
!xv PLOTTER 1-~_A_o_c_&_M_c_A_:--OSCILLOSCOPE 
TELETYPE 
Figure 2 . -5 . ~;chemat ic representation o f th e s ing le photon 
counting i nstrument. 
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If a STOP pulse arrives before the end of a TAC sweep, the sweep is 
terminated and an output pulse, with amplitude proportional to the time 
difference between the START and STOP pulses, is generated. Since the 
non-linear region of the TAC causes low output amplitude it is important 
to ensure that the linear section of the full range of the TAC is 
utilised. This can be done by delaying the START and STOP suitably by 
delayed cable or by a delay generator. The pulse output of the TAC is 
fed to biased amplifier (BA) whose gain is used to sample the linear 
section of the TAC range and expand it to cover the full range of the 
multichannel analyser (MCA). The bias level of the BA may be used as a 
zero shift of the time range examined. The BA output is sent to the 
analogue-to-digital converter (ADC) where the amplitude is converted to 
a nwnber which corresponds to one of the channels of the MCA. The 
counter of that channel is accordingly incremented by unity. The counts 
in each channel of the MCA are proportional to the probability of 
fluorescence emission in the time interval ~t, at time n~t, where n is 
the channel number and ~t the channel width in nanoseconds. The 
analyser thus stores the distribution of time intervals for the arrival 
of the firsi photons from successive lamp flashes. 
When the MCA has accwnulated a sufficiently large number of 
events the experiment is terminated and the contents of the MCA memory 
are punched onto paper tape. This tape is r e ad into a file on the 
Univac 1108 computer via a PDP 11/45 peripheral computer. 
The c ommercially available component s of the lifetime 
apparatus are listed below. 
Voltage stabiliser 
High voltage supply 
Stabilised power supply 
Stabilac SP3000 
DEL Electronics PSC 10-10-1 
Fluke 41 5B 
Nim bin 
Discriminators 
Delay generator 
Time-to-amplitude converter 
Biased amplifier 
Analogue-to-digital converter 
Multichannel analyser 
Display oscilloscope 
Counters 
Teletype 
Photomultiplier tubes 
Monochromators 
Thyratron 
2.2.1 Pulse Pile-Up 
Ortec 401A 
Ortec 417 
Ortec 463 
Ortec 416A 
Ortec 437A 
Orte c 408 
Hewlett-Packard 5416B 
Hewlett-Packard 5422B 
Hewlett-Packard 5431B 
Hewlett-Packard 5321 
Hewlett-Packard 5381A 
AS R 33 
Philips 56 DUVP/03 
RCA 1P28 
Bausch & Lomb "high 
intensity" 
Bausch & Lomb "double 
grating" 
EG & G HY-2 
When using the single photon counting technique it is 
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important to consider the photon count rate, since at higher count rates 
the probability of more than one photon arriving within the TAC sweep 
time becomes significant. The TAC records the arrival in time of the 
first photon. If another photon arrives after the first during the TAC 
sweep time, it will not be recorded, and thus the TAC is biased towards 
early arriving photons. This phenomenon is termed "pulse pile-up". 
This pulse pil~-up distorts the true fluorescenc e decay curve. It can 
be demonstrated on the oscilloscope display that the decay curves show 
obvious reduced lifetime once the pulse pi l e-up becomes significant. 
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It is necessary to work at a low P/F (p hoton count rate)/ 
(flash r epetition rate) ratio to eliminate this distortion. The photons 
arriving at the p hotocathode within a particular time interval follows a 
Poisson distribution with the following statistics: 
P(x) = 
X -µ µ e 
x! 
( 2. 1) 
whereµ is the mean number of photons which arrive during a TAC sweep 
time after a lamp flash and P(x) is the probability of x photons being 
detected after a flash. 
For µ = P/F = 0.0 2 ( 2. 2) 
P~2) = 0.0002. ( 2. 3) 
Under this condition, the probability of more photons arriving after the 
first within the TAC s weep time is negligible and so the decay curve is 
undistorted. A photon count rate as low as 200 co unt s s- 1 is req uire d 
to fulfil thi s condition a t a lamp repetition r ate of 10 kHz. For a 
Poisson distribution the standard error in estimating the mean number of 
counts in a particular time interval, when expressed as a percentage 
error, 
-½ is 100 N , where N is t h e number of counts accumulated in a MCA 
channel. For N = 10 4 , the error is 1 % • In practice, therefore, counts 
of the ord er of 10 4 are required in the channels at the peak of the 
decay curve and lengthy periods are required to obtain an acceptable 
fluorescence decay profile. 
The problem of pulse pile-up can be overcome by using a pile-
up inspector which rejects the TAC output for a first photon arrival if 
a second photon arrives within the TAC range. The pile-up inspector 
built in this laboratory [Goodwin and Nicholls 1972] is used in 
19 
conjunction with t he single photon counting instrument. A schematic 
representation of the apparatus used to correct for pile-up is given in 
Figure 2.6. 
Th performance of t he pile-up inspector has been investigate d 
recently [Harris 1975]. The resolution of the pile-up inspector is 
limited to the pulse-pair resolution of the fast discriminator, and 
pulses from the 56 DUVP/03 which are separated by less than 10 ns give 
only a single standardised pulse from this discriminator. It was 
reported that t he limitation of a 10 ns resolution time resulted in the 
maximum acceptable ratio of P/F, for which the error in the nwnber of 
counts in a channel is of the same order as the random Poisson error, 
varying with t he TAC range chosen. Acceptable ratio of P/F values are 
given in Table 2.1 for various TAC ranges. 
1 
2 
3 
Table 2.1 
Ma~imum acc eptable P/ F ratio for differe nt TAC ranges. 1 
Effective 
TAC Ranges 2 
(]JS) 
0.025 
0.050 
0.100 
0.200 
0.250 
0.400 
0.500 
1.000 
Harris [1975]. 
Maximum 
( % ) 
0.5 
1.0 
2.0 
4.0 
5.0 
8.0 
10.0 
20.0 
P/F 3 Photon Counts/s 
50 
100 
200 
400 
500 
800 
1000 
2000 
These numbers are arrived at by combining t he bias amplifier gain 
of 2 and the TAC range. 
Flash repetition rate, F= 10 kHz. 
STOP \r 
~, V 
FAST 
DISCRIMINATOR 
20 
START \£ 
~, V 
CONST. FRACT. 
DISCRIMINATOR 
TAC_ 
-1"""""119.------~ 
PILE - UP 
DETECTOR 
........ converter true start ..... 
._ ..... 
busy gate 
delay TAC output 
BIASED 
AMPLIFIER 
co i nci dence ~ ADC& MCA 
external 
st robe 
VARIABLE 
DELAY 
Figure 2.6. Schematic repre s entation of the app aratus 
us e d to c orrect for pile-up. 
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2.2.2 The Pulsed Light Source 
The low pressure triggered flash lamp d e scribed by Knight and 
Selinger [1973] has been us ed in this study. The low pressure lamp 
housing in its pres e nt form is shown in Figure 2.7. The arc is formed 
between two electrodes made from 0.5 mm diameter tungsten wire. The arc 
gap is adjusted for optimum intensity and is generally about 3 mm. The 
electrodes are enclosed in a pyrex envelope with a suprasil window about 
2.5 cm from the arc. Provision is made for pumping out and filling the 
lamp with the chosen filler gas. Most of the emission is reflected 
through the suprasil window by a curved front surface mirror mounted at 
the opposite s i de of the wi n dow. The EG & G HY-2 ceramic hydrogen 
thyratron is used to trigger the lamp. The HY-2 is supplied by a pulse 
generator with a positive +210 V pulse of about 175 ns rise time and 
about 135 ns pulse width [Harris 1976]. Triggering is most conveniently 
accornplisheq by supplying the high voltage +8 kV to one tungsten 
electrode of the lamp via a high voltage 1 ~ charging resistor and 
earthing the other electrode through a thyratron whose grid is pulsed at 
the requireq frequency. The lamp trigger circuit is shown in Figure 2.8. 
The START pulse, synchronised with the firing of the lamp, is 
derived from the 1P28 which views the flash through the fibre optic 
light guide. A 1 ~ load resistor and supply voltage of 950 V for the 
photomultiplier produce a suitable START pulse. 
The spectral output of the low pressure lamp is determined by 
the filler gas. _ Although various other filler gases have been tried at 
a pressure of less than 1 atmosphere, the most useful (in terms of 
intensity and spectral versatility) appear to be air, nitrogen, hydrogen 
and deuterium [Knight and Selinger 1973]. The a i r filled flash lamp has 
Figure 2.7 The low pressure lamp housing 
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been found satisfactory for this study. The spectral output of the air 
flash lamp is shown in Figure 2.9. The spectrum consists of intense 
bands, the most prominent being at 316, 337 and 358 nm. The decay curve 
for the 337 nm band is given in Figure 2.10. The build-up of a longer 
lived emission from the flash lamp as a result of p rolonged use is 
prevented by cleaning the electrodes periodically. 
2.2.3 Techniques 
The typical experimental conditions u s ed to obtain 
fluorescence lifetimes in this study were as follows: 
t 
Air flas h lamp 
High volc age (anode voltage) 
Repetition rate 
Discriminator level 
Power supply 1P28 (cathode voltage) 
PreSS\,lre 
Arc gclp 
Pulse width 
Detection system 
Excitation band pas s (Bausch & Lomb 
"double grating") 
Fluorescence band pass (Bausch & Lomb 
"high intensity ") 
56 DUVP/03 
Cathode voltage 
Gain 
Discriminator level 
· t Dark pulse 
8 kV 
10 kHz 
110 mV 
-950 V 
0.4 atmosphere 
3 mm 
,...__, 4 ns 
2 nm 
10 nm 
-2.4 kV 
3 X 10 8 
170 mV 
FWHM 
,...__, 20 counts s- 1 
The tube dark pulse rate is reduced on "pump o ut", that is, leaving 
the high voltage applied to the tube (in the dark) when not in use 
and on cooling the photocathode to reduce thermal photon emis s ion. 
At -5 °C the average dark pulse is usually 20 counts s- 1 • After 
prolonged cooling, condensation may occur on the tube. This can be 
prevented by blowing dry nitrogen over the tube . 
Hi gh voltage 
resistor 
lMO 
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Fig. 2.8. Low pressure flash 
lamp trigger circuit . High 
voltage resistor is a 
Victoreen type HPX. The 
complete unit is enclosed 
in a fully shielded housing 
to prevent RF pick-up by 
the detection system . C 
can be stray or added 
capacitance. [After Knight 
and Selinger 1973.) 
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Figure 2.9a. Spectral output of the air flash lamp. 
[After Knight and Selinger 1973.) 
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Figure 2. 9b. The 337 .1 nm band group measured at high r esolut ion 
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Calibration 
Calibration of the time scale of the single photon counting 
equipment was performed by using accurate delay lines. The Tektronix 
type 113 delay cable with 6 0 ns delay and the GR-50 ~ t e rminated 10 ns 
delay line were found suitable for calibrating all the TAC ranges used 
in this study. 
2.3 ANALYSIS OF FLUORESCENCE DECAY CURVES 
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In the single photon counting technique, the fluore scence 
decay curves are obtained by an exciting pulse of finite width. The 
data collected consists mainly of counts due to photon emission from an 
excited species and~small fraction of counts due to random pulses. In 
the data processing it is necessary to assume that there is no back-
ground. A method of removing the background without introducing any 
bias in the results has been suggested [Knight and Selinger 1973] and 
this method has been used here. In this section a discussion is also 
given on the analysis of exponential and non-exponential aspects of 
the decay and the problem of convoluting and fitting. 
2.3.1 Data Handling 
Single pho ton counting data are r e ad from the memory of the 
multichannel analyser and sent to a t e letype whi c h produces both typed 
copy and punched paper tape. The paper tape is read on a PDP 11/45 
computer and the data transferred to file on a Univac 1108 computer. 
I. 
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Interactive terminals are used to edit the data, for preparing 
programmes and for executing them. 
The single photon counting apparatus is set up with the stop 
pulse suitably delayed, so that the time profil e of the decay curve is 
recorded in channels 20 - 255. The mean of the counts in channels 1 - 19, 
accepted as the mean background, is subtracted from the data. The 
remaining counts are plotted semi-logarithmically by the computer onto 
10" graph paper with log 10 (counts) on the y-axis and channel number of 
the MCA of the x-axis. 
Whe the data is clearly exponential, the slope of the 
straight line plot gives an estimate of the li f etime; if it is not, 
. . 
some a pnor~ knowledge of the decay process i s required before a 
meaningful analysis can be performed. Whatever decay law is selected, 
the plot is used for calculating initial estimates of the parameters. 
2.3.2 Exponential and Non-Exponential Decay 
The decay of molecular fluorescence is a random process which 
in many cases leads to an expression of the form 
I (t) = A e-t/T ( 2. 4) 
A is a constant for a particular measurement o f the fluorescence decay 
curve, I(t), and Tis the mean lifetime. 
If it is assumed that the excit ation p ulse is a delta pulse, 
the probability density function I (k) , k = 1, 2, . . . , n, can be treated as 
an undistorted estimate of I(t). n is the numb e r of data points (MCA 
channels). For each value of k, I(k) represents a single est i mate of 
the mean of a Poisson distribution of counts for the channel. 
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Where the semi-log p lot of the data indicates the decay is 
clearly exponential, initial estimates for the l ifet ime and pre-
exponential factor are obtained from the plot' s slope and inte rcept 
respective ly. The computer then perfor ms a non-linear least squares fit 
to the data using equation (2.4), with the reduced chi-square, X~, the 
parameter minimised. 
where 
x2 
\) = 
l_ ~ [I (t) - r 0 (t)] 2 
\) t IO(t) , 
I(t) is the original data; 
(2.5) 
r 0 (t) t he function fitted to the data for the p arameters A,T; 
t t he channel number; 
and v = n-y -1 the number of degrees of freedo m left after fitting "n" 
points with y parameters. 
If the fitted function is a good approximation t o the data, the n the 
value of the reduced chi-square should on the average be unity. Using 
the accepted 5% level of significance, this means that for 200- 210 data 
points x2 must be less than or equal to 1.17. 
\) 
The application of this reasoning may b e illustrated in terms 
of real experimental data. The decay o f the fluorescence of 2-methyl-
naphthalene in sodium dodecyl sulphate (SOS) is shown in Figure 2.11. 
The results obtained for fitting a sing le exponential (equation 2.4) are 
also given in the figure. 
The fitting of a single exponential to decay data is a 
straightforward- proce dure involving the minimisation of a function of 
two variables, A and T . However, the p roblem b ecomes exceedingly 
difficult for the non-exponential decay data. A non-exponential 
fluorescence decay curve may b e compos ed of a s wn of many exponentials. 
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Figure 2 . 11. The decay of 3 x 10- 3 mol z- 1 2-me t hy l naphthale n e 
fluor e scence _in 0.1 mol z- 1 SDS . The s olid line , a single 
expon e ntial with A= 4825 0 and T = 52 . 8 ns , is the fit to the 
2 experimental data points ( x ) . X = 1. 05 . 
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It has been demonstrated that the sum of two e xpon ential s is an 
extremely good fit to a curve which is in fac t composed of a sum of 
fifty exponentials [Knight and Se linger 1973 ] . Therefore, the physical 
reasons for non-exponentiality must be known befo re proceeding with an 
analysis of th e experimental decay curve. The p hysical basis for the 
choice of a sum of exponentials lies in the assumption that two distinct 
states, each with its own characteristic lifetime, are contributing to 
the emission process. 
For example, the pyrene monomer fluorescence in micelle 
forming solutions can be monitored under conditions such that some of 
the fluorescenc e comes from singly-occupied micelles and the rest of the 
emission comes from multiply-occupied micelles . The fluorescence life-
time of the monomer from the multiply-occupied micelles is shown to be 
short due to self-quenching. However, the lifetime of pyrene 
fluorescence from the singly-occupied micelles is as long as that of 
pyrene in an organic solvent. Thus the decay of pyrene monomer 
fluorescence is non-exponential. According to this hypothesis which 
explains the non-exponentiality of the fluorescence decay, a sum of two 
exponentials suggests itself as being a likely choice and is written in 
the form 
I (t) = ( 2. 6) 
where T 1 and T 2 are the lifetimes of the two decay components weighted 
by the constants A1 and A2 • As is the case f or f itting one exponential, 
when a sum of two e xponentials is fitted the comp uter p e rforms a non-
linear fit to the data with the reduc ed chi- s qua re , x2 , the parameter 
V 
minimised. 
To fit the two exponentials the estimates are taken from the 
semi-log plot of the decay. Firstly, the longer lifetime and its 
corresponding pre-exponential are estimated from the linear section of 
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the decay in the later channels. This is done b y fitting a single 
exponential decay between Lim 1 and Lim 2. Lim 1 and Lim 2 are the 
channel numbers of the MCA where the fit started and ended respectively. 
A best fit is chosen from different fits obtained by varying Lim 1. 
Secondly, the decay of the short-lived species is obtained by 
subtracting the calculated counts I(k) 1t from the original ca 
experimental data. The remaining counts are plotted on a semi-log scale 
whose slope gives the estimate of the lifetime of the short-lived 
species and the intercept gives the estimate of the pre-exponential 
factor. Treatments of the results are illustrated in Figure 5.12. 
The contribution of an exponential decaying component of 
fluorescence decay to the fluorescence intensity is 
which is the product of the pre-exponential factor and the decay 
constant. For a two-exponential decay (equation 2.6) the relative 
(2.7) 
fluoresc e nce intensities from the two species are A1 T 1 and A2 T2 
respectively. Thus the contribution of each component can be compared 
t I(k) 1 = A1 e-t/T 1 which is obtained by fitting betwe en Liml and ca 
Lim 2. That is, I (k) is the count contributed by the long-lived 
cal 
species. 
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esti mate of T 1 
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Figure 2 .12 (a ) . Th e d ecay of mo nomer fluorescence of 1. 5 x 10- 3 mol i-
1 
pyre ne in 0.1 mo l i- 1 SDS . (x) e xperimental data an d (-- - ) single 
e xponential,. which is subtracted f rom (x) , giving the dec ay of 
the short - lived fluorescenc e ( •). 
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2.3.3 Convoluting and Fitti ng 
The true fluoresc e nce decay curve I(t) f o r an excited s pecie s 
is that obt ained by excitation with a delta function light pulse. In 
practice, excitation pulses have finite widths ("" 4 ns FWHM for the air 
flash lamp used in this study). This finite duration of the excitation 
pulse causes some distortion of a decay curve. The refore, it is 
necessary to determine the true time d ependence I(t) from an observed 
fluorescence decay curve f(t) and the excitation pulse P(t). The method 
of removing th i s distortion due to the lamp pulses has been treated 
previously [Kn i ght a nd Selinger 1971] and this suggested method has been 
followed in th i s study. 
Consider an observation time divided into n discrete channels 
provided by a multichannel analyser. That part of the excitation pulse 
in a particular channel, P(k-j) can be considered as approximating a 
delta pulse which contributes an amount P(k-j)•I(j} to the fluorescence 
in channel k, where I(j) is the true response, j channels after a delta 
pulse. Thus the measured fluorescence intensity f(k) in a channel k is 
given by 
f(k) = P(k)I(O) +P(k-l)I(l) + ... +P(k-j)I(j) + ... +P(O)I(k) ( 2. 8) 
A point-for-point convolution of a true r e sponse and excitation pulse 
can be performed by evaluating equation (2.8) for k=l,2, ... ,n. This 
can be expresse d by the convolution sum: 
f -(k) = 
k 
L P(k-j)I(j) 
j=O 
k=l,2, ... ,n. (2.9) 
The ideal experiment woul d involve data collection in an 
infinite nwnber of channels during the interval of observation, and the 
convolution of the f unction P(t) and I(t) in terms of the convolution 
35 
integral: 
f(t) = r P(t-t')I'(t)dt' . 
0 
( 2. 10) 
If the life time of the fluorescenc e decay is sufficiently long, 
the excitation pulse may be regarded as a close approximation to a delta 
pulse and the measured fluorescence f(t) may be regarded as an 
undistorted estimate of I(t). For the lifetimes of short duration the 
distortion caused by the excitation pulse is naturally greater. In 
measuring lifetimes of such short duration, the ideal experime nt would 
involve measuring the fluorescence decay curve and the excitation pulse 
simultaneously. This is necessary because flash lamp characteristics, 
which are a fu nction of gas purity, electrode environment and 
temperature, change with time. 
In this study the excimer decay curves which can be expressed 
by the equation: 
I I (t) -,\ t -,\ t = B (e 1 - e 2 ) (2.11) 
are convoluted (equation 2.9) with the lamp pulse and fitted to the 
observed fluorescence decay data. Approximate starting values for the 
parameters A 1 , .\ 2 , B, Lim 1 and Lim 2 are chosen and the least squares 
sum is minimised with respect to the parameters. Examples of 
convoluting and fitting are shown in Figures 2.13 and 2.14. 
A practical difficulty is the accumulation of the lamp pulse 
as it was during the collection of the fluoresc e nce data. To measure 
both pulse and decay curves simultaneously, one would need two separate 
detection systems. It is however possible to collec t the lamp before 
and after the decay curve is accumulated and this was done for the 
present study . The less accurate values for the shorter lifetimes (see 
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Figure 2.13. The decay of exc irne r f l uo rescence o f 10- 3 rnol z-i pyrene 
i n 0.05 rnol z- l SDS a nd 0 .1 rno l z- l NaC l a q ueou s solutio n. (-) th 
resultant fi tte d to the e xpe rimental dat a (x) a f te r c onvolu tion . 
T l = 6 7 n s ; 
T 2 = 20 n s ; 
x2 = 1 . 61. 
V 
"' ~
z 
:, 
0 
u 
z 
0 
~ 
0 
J: 
Q. 
'I( 
20 
1 
1 
60 1 0 140 1 0 2 0 
CH ANNE L NUMBER 
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Table 5.9 and Figure 2.14) and the higher reduced chi-square were 
probably caused by the change in the shape of the lamp pulse during the 
course of the experiment. However, the longer lifetimes are much more 
accurate. The method of convolution and fitting has been shown to be 
the only statistically valid procedure [Knight and Selinger 1971]. For 
longer lifetimes, no error was included for the measured lamp profile 
and the maximum acceptable value of the reduced chi-square, X2 , is 
\) 
greater than 1.17 and the fit is in fact acceptable (Figure 2.13). 
A substantial improvement can be obtained by collecting the 
lamp pulse and the decay curve in separate groups of the MCA memory and 
alternating from one to the other several times during accumulation. 
The lamp pulse is collected by substituting a reflector in place of the 
sample and the emission frequency monitored is changed to the excitation 
wavelength. This is a time consuming process and it would be more 
convenient if the detecting photomultiplier (56 DUVP/03) were to 
alternately view the lamp pulses through a fibre optic light guide and 
the sample emission through the monochromator. This method would 
require a system which alternated the data collected between the 
fluorescence and the lamp pulse without the necessity for opening the 
light tight box. 
2.4 MATERIALS AND SAMPLE HANDLING 
Organic solvents were "spectroquality" grade from Matheson, 
Coleman & Bell. These were tested to ensure that they gave no detect-
able fluorescence, and then used without further purification. Solutes 
and surfactants w re treated by the following methods. 
2.4.1 Chemicals and their Purification 
Naphthalene 
2-methylnaphthalene 
2-naphthol 
1-cyanonaphtnalene 
Cl 
p-chloroiodobenz \;ne 
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recrystallised from ethanol. 
Koch-light Laboratories (Pure) 
used as received. 
recrystallised from ethanol 
and the n from water. 
recrys t allised from ethanol; 
recrystallised from methyl-
cyclohexane; sublimed under 
vacuum collected at 77 K. 
chromatographed using a silica 
ge l c olumn with cyclohexane as 
e luting solvent. 
4 0 
0 
SODIUM STEARATE II _ + 
C-0 Na 
0 
SODIUM DODECYL SULPHATE~ II _ + 
0-S-O Na 
II 
CETYL DIMETHYLBENZYLAMMONIUM CHLORIDE 
POLYOXYETHYLENE DIISOBUTYL PHENOL TRITON X100 
I 
0 
I 
CHrC-CH 3 
I 
H-C-H 
I 
CHrC - CH 3 
tH 1 
POLYOXYETHYLENE ALCOHOL 
~v 9·5 
TERIC 12A23 
av 23 
0 
CH 3 _ 
~!_ IC. H:2..-0 CJ. 
CH 3 
OH 
OH 
Sodium chlor i d e and manganes e chloride hav 2 n egligibl e 
absorbance at wavc l ' ng hs long r than 300 nm at t h e concen trations us e d. 
Sodium dode cy l su lphate (SOS) wa s r e crystall ised thr e e time s from 
ethanol. Cet y ldimethylbe nzylanmo niurn c hlorid e (CDBA) fluka (p ur e ), 
Triton-Xl OO a nd 'l'e r ic ( ICI ) nonio nic surfactant s w r used without 
furthe r purif ication. Th s ur f a c tant s c ommo n ly a vailabl e a re sho wn 
above. 
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2.4.2 Sample Handling 
The samples of pyrene and other so l utes in surfactan t aqueous 
solutions wer e prepare d by stirring exces s s o lute in the solution a t 
50 °C for 5 - 10 hours using a magne tic stirre r. The solutions were 
allowed to stand overnight for equilibration to be attained at room 
temperature and then were filtered. Concentrations were determined by 
comparing t h e absorbances with that of a known concentration of the 
solute in the same surfactant solution. Some nonionic surfactants 
supplied by the courtesy of ICI (Australia Ltd.) were found to be light 
sensitive and the solutions were protected from light at all times. 
Deo xygenation of the aqueous solutions of surfactants was 
difficult because of frothing and so the 1 cm cell shown in Figure 2.15 
was designed. This cell was purged with high purity nitrogen for about 
half an hour and then the cell was sealed with the stopper and steady 
state measurements were then made. Purging by nitrogen was carried out 
during the experiments of transient lifetime measurements. This method 
of removing oxygen is as effective as vacuum degassing. For example, 
the pyrene lifetime in water measured in this study (207 ns, Table 5.7) 
is in very go od agreement with the literature value of 206 ns obtained 
by vacuum deqassing [Geiger and Turro 1975]. 
2.5 OTHER MEASUREMENTS 
The absorption spectra w re reco rded using the Cary 14H 
spectrome ter. High tempe rature fl uo rescence me a s urements were done by 
c irculat i ng thermostatted water t hrough a coppe r coi l which was wound 
a round ins ide t he cel l holder housing. Us ing this cell holder me asure-
ments were possible up to 75 °C. 
( 
Figure 2.15 The 1 cm cell for fluorescence measurements 
43 
CHAPTER 3 
EXCITED STATE PROCESSES IN SOLUTION 
Thi s chapte r describes the mechanisms of some excited state 
processes such as th e formation of excimers and exc iplexes and proto-
lytic reactions which are used as fluorescent probes within micel les. 
The fluorescence paramete rs involved in thes e excited state processes 
are sensitive to the ir environment and hence can be expec ted to provide 
information about the micelle structure. For comparison the b ehaviour 
of these parameters in homogeneous solution i~ presented. 
The mechanism of excimer formation is well established but it 
is relevant to collat e some of the equations characterising the excimer 
process. The time d e lay (6t ) needed for the exc imer concentration to 
max 
reach a maximum is b oth visc osity and concentration dependent. There-
fore, this time delay (t t ) c an be us e d fo r determining the viscosity 
max 
of the solvent. The variation of (6t ) wi t h concentration will be 
max 
used to exami ne the d istribution of solutes in mi c elles in Chapter 5. 
The relevant equation s relating var ious fluorescence decay parameters 
are introduce d. In Chapt er 5 the effect of q uenc hing on a fluorescence 
spectrum consisting o f both excimer and monomer emission wi ll be used to 
investigate t he statisti c al distribution of the solute in micelles. The 
effect of que ncher on the ratio of excimer t o monomer fluorescence 
intensities, (¢'/¢ ), is examined in normal homog ene ous solvents. The 
magnitude of¢'/¢ a ssumed under different limiting conditions is 
l 
considered. Excimer formation of pyrene, 2-methylnaphthalene and 
1-cyanonaphthalene will be used as f l uo r esc ent p robes in Ch a p t e r 5. 
The effect of oxygen (as a quencher) on their (¢ '/¢ ) ratio and the 
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nature of the decay of their excimer and monomer fluorescence in organic 
solvent are examined in this chapter. 
The kinetics of exciplex formation are very similar to those 
of excimer formation and a detailed treatment is not necessary here. 
However, the dependence of emission frequency and quantum yield on 
solvent polarity is an i mportant c h arac t e ri s tic of e xcip lexes and is 
discussed in Section 3.2. The red shift of the emission freque ncy of 
exciplex as an indicator of the high polarity of the i n terior of 
mice lle s is treated in Chapter 5. 
The use of 2-naphthol as a fluorescent p robe will b e 
discussed in Chapter 5. The distribution of 2-naphthol as ROH* and Ro-* 
forms between micellar-phase and aqueous phase will be examined using 
the fluorescence spectrum and the decay of the fluorescence of the probe. 
The protolytic reaction of 2-naphthol in pure water is swnmarised in 
this chapter and the nature of the excited state equilibrium is examined. 
3.1 EXCIMERS 
Excimer formation occurs upon collision of an electronically 
excited pyrene molecule with a molecule in its ground state and was 
discovered by F~rs~er and Kasper (1955]. A dilute solution of pyrene 
-s , -1 (< 5 x 10 mol ~ ) has a struc tured f luorescence spectrum whi ch is the 
mirror image of the absorption band. At higher concentration a new 
structureless fluorescence band appears at the longer wavelengths. As 
the concentration of pyrene is increased, the fluorescence intensity of 
the new band inc reases at the expense of the normal fluorescence. No 
corresponding absorption band is obs e rved for the new fluorescence. 
This new band was attributed to emission from exc ited dimers (later 
called 11 excimer 11 [Stevens and Hutton 1960]) of p y rene molecules. 
/ 
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Following the discovery of e xcimer f o rmation for pyrene, a large number 
of aromatic compounds have b e en found to exhibit exc imer fluorescenc e in 
solution. These r e sults have been reviewed by Forster [1969]. Data on 
excimer formation has been collected by Birks [1970a]. A review by 
Birks [1970b] and a book by Parker [1968a] have also dealt with the 
subject of excimer formation in solution. During the past five years 
the study of the subject has been carried out on various compounds using 
an interesting variety of techniques, including t i me-resolve d 
spectroscopy. 
Time resolved spectra of t h e pyrene exc i mer have been measured 
by Yoshihara and Kasuya (1971]. The time-reso lved fluorescence spectrum 
of 3. 2 x 10- 3 mo l i - 1 p y r e n e in c y cloh e xane s hows t hat, afte r a 5 n s de l ay , 
the monomer fluorescence is more inte nse than that of the excimer. The 
excimer fluorescence increases in int ensity with time while the monomer 
emission intensity decreases. After 100 ns d e lay , the fluorescence 
spectrum of the same solution of pyre ne is mainly that of the excimer 
with much reduced monomer emission. The se res ul t s indi cate that the 
monomer fluorescence decays monotonical l y whi l e the exc imer fluorescenc e 
increas es f rom zero at t = 0, reaches a maximum a nd thereafter decays. 
This i s consistent with the d e cay of py r ene e xcime r obs e rved at a fixed 
wavelength. 
The exc imer emission of dibenzofuran has b e en reporte d by 
Horrock s and Brown [1970]. Th ermodynamic data for the excimer format i on 
were later obtained by Pinion , Minn a n d Fi lip e scu [1971]. Excimer 
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formation with substitut e d fluorene was a l so repo rted. The dibenzofuran 
excimer has been re-examined b y Nott and Sel i nger [1972]. They reported 
that¢'/¢ is not af f ected by the addition of oxygen and that the monomer 
and the excimer have similar l i fetime of 9.0 and 9.5 ns respectively. 
Excimer formation by quinoline and isoquinoline in ethanol 
solution has been report e d by Blaunstein and Gant [1973]. However, no 
excimer emission has been observed in non-polar solvent. No 
fluorescence was detected from quinoline inn-heptane, whereas 
fluorescence from quinol i ne in ethanol was readily observed. The 
extinction coe f ficient o f the first absorption band of quinoline and 
isoquinoline increases with increasing solvent polarity. The appearance 
of excimers in the polar solvent was explained by the increase in the 
extinction coefficient of the first absorption band causing an enhanced 
probability of excimer formation. 
3.1.1 Reaction Kinetics 
The consideration of the fluores c ence emission, the radiation-
less deactivation of the electronically exc ited monomer and of the 
excimer, and the dissociation of the excirner leads to the following 
reaction scheme [Forster and Kasper 1955; Doller and Forst e r 1962). 
A*+ A 
A+ hv A 
k 
a 
k' 
e 
(AA)* 
(AA) + hv' 
~ 
A + A 
(3.1) 
(AA) 
/ 
where: A is an aromatic mol cule in the ground state, 
A* is an electronically excited molecule in the first 
singlet state, 
(AA)* is an excimer in the first excited singlet state, 
k and k' are rate constants for radiative decay processes, 
e e 
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k and k' are rate constants for radiationless decay processes, q q 
ka and kd are association and dissociation rate constants, 
respectively. 
Case I: Steady-State Irradiation 
If I= the intensity of light in einstein z-i s- 1 absorbed by 
A, then from the reaction scheme, 
and 
d[A*] 
dt 
d [ (AA) *] 
dt 
= I-{k +k +k [A]}[A*] +k [(AA)*] 
e q a d 
= k [A*] [A] - { (k I + k I + k ) [(AA)*]} . 
a e q d 
For continuous, uniform irradiation [A*] = constant and [(AA)*]= 
(3.2) 
(3.3) 
constant. That is, d[A*]/dt = 0 and d[(AA)*]/dt = O. Then equations 
(3.2) and (3.3) become 
I = {k +k +k [A]}[A*] -k [(AA)*] 
e q a d (3.4) 
and 
[ (AA) *] = 
k [A*] [A] 
a 
k'+k'+k 
e q d 
Combining equations (3.5) and (3.4) gives 
I { (k +k )+k [1 e q a k'+k'+k 
e q d 
In the absence of self-quenching I = I 0 
(3.5) 
[A]}[A*] ( 3. 6) 
= ( k + k ) [A* ] and tr.e 
e q 
.. 
quantum yield of monomer fluorescence ¢0 is given by 
= 
k [A*] 
e 
Io 
= 
k 
e 
k + k 
e q 
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In the presence of self-quenching the monome r quantum yield¢ is given 
as 
k 
¢ 
e 
= 
kd 
1 { (k + k ) + k [ 1 k'+k'+k e q a e q d 
~ k (A] (k' +k') 1 + a e q = ¢ (k + k ) (k I + k I + k ) 
e q e q d 
which may be written as 
= 
k [A] T 
1 + _a __ _ 
l+kT'' 
d 
. 
[A]~ 
, 
J 
(3.7) 
(3.8) 
where T = 1,1k + k >, and represents the lifetime of the monomer in the 
e q 
absence of s e lf-quenching, and T' = lAk' + k '>, a nd r epresents the life-
e q 
time of the excirner in the absence of dissociation . Equation (3.8) can 
be written as 
= 1 + K [A] (3.9) 
which is a Stern-Volmer equation for self-quenching. The Stern-Volmer 
constant K is a function of k ,T and the relative magnitudes of the rate 
a 
constants of deactivation and dissoc i ation o f t h e e xcimer. 
The mean self-quenching concentration, c h , is the 
concentration of que ncher which halves the i ntensity of monome r 
fluorescence from A*, and caus e s the fluorescence intensity of the 
associated specie s to reach half its maximum value . That is, ch is the 
concentration of A at which ¢ 0 / ¢ = 2. Thus e quat i on (3.7) gives 
9n 
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= 
k +k k '+ k '+k 
e q • e q d 
k k' + k' (3.10) 
a e q 
Case II: Trans i ent Re -c tion Kinetics 
A mol e cule A is promoted to its first excited singlet state by 
excitation with a a -function light flash at t = 0 producing an initial 
concentration of excit e d monomer molecules, [A*]. This excited monomer 
A* may form species (AA)* upon collision with an unexcited molecule A. 
Thus after the flash has ceased, the decay of A* and (AA)* follow. At a 
subsequent time t after the excitation the rate equations, obtained from 
the reaction ~cherne (3.1), are as follows 
d[A*] 
dt 
d[(AA)*] 
dt 
= k [(AA)*]-{k +k +k [A]}[A*] d e q a 
= k [A*] [A] -{k' +k' +k }[(AA)*] . 
a e q d 
These can be written as 
where 
d[A*] 
dt 
d[(AA)*] 
dt 
= - n[A*]+k [(AA)*] 
d 
= - n' [(AA)*] +k [A] [A*] , 
a 
n = k + k + k [A] 
e q a and 
n' = k'+k'+k 
e q d 
(3.11) 
(3.12) 
(3.13) 
(3.14) 
(3.15) 
The t'irne dependences of fluorescences of both e xcited species are given 
by the time dependences of the concentrations of A* and (AA)*. These 
can be obtaine d by solving the two simultaneous d i ffere ntial equations 
(equations 3.13 and 3.14), and applying the initi a l conditions at t=O, 
to produce 
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[A*] = e 2 -,;\ t} (3_.16) 
[(AA)*] = 
k [A*] [A*] 
a o 
A2 - Ai 
(3.17) 
where [A*] 0 = concentration of A at t = 0 and 
(3.18) 
The intensity of monomer fluorescence (per initially excited molecule) 
at time tis 
I(t) = k [A*] e [A*] 0 
(3.19) 
Therefore, th2 monome r fluorescence intensity at a ny t ime tis given by 
equations (3.16) and (3.19) as 
I(t) = e 2 • -,;\ t} (3.20) 
The intensity of excimer fluorescence at time tis 
I I (t) k' [(AA)*] = 
e [A*] 0 
(3.21) 
or 
k'k [A] { -A t -At} I I (t) e a = e 1 - e 2 A2 - Ai (3.22) 
The total quantum yield of monomer fluorescenc e is given by 
¢ = r I(t)dt . (3.23) 
0 
Using the value o f I(t) and integration yie lds 
k /(k + k ) 
¢ e e q (3. 24 ) = l+ [A]/Ch 
or 
¢ 
(3.25) ¢ = l+ [A] /Ch . 
The total quantum yield of excimer f luorescence is given by 
~· = J00 I' (t ) dt 
0 
Using the value of I' (t) and integration g ives 
k'/(k' + k') 
cp• e e q = 1 + Ch/ (A] 
or 
cp• cp ~ = . 1 + Ch/ (A] 
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(3 . 26) 
(3.27) 
(3.28) 
Equations (3.25) and (3.28) give an import ant relation betwee n monomer 
and excl.lller fluorescence 
= 
Using the values of Ch,¢~ and ¢
0 
= 
k I k 
e a 
(A] k • k'+k'+k . 
e e q d 
(3.29) 
(3.30) 
From equation (3.18), it i s worth noting that A1 and A2 are functions of 
concentration, (A]. In order to obtain all t he rate constants from the 
measurement of A1 and A2 a s a function of conc e ntration, it is useful to 
consider the following limi ting conditions : 
(1) At low concentrat ion, [A]-+ 0 
= k + k = 
e q 
1 
T 
monomer 
= k'+k'+k = n '. 
e q d 
(2) At high concentra tions, [A ] -+oo 
= k' + k' = 
e q 
1 
T I . 
exclitler 
(3.31a) 
(3.31b) 
(J.32a) 
= k + k + k [A] + kd 
e q a 
= k 
a 
= 
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(3.32b) 
(3.32c) 
The combination of the measurements of A1 and A2 and quantum y ie lds of 
the monomer and exc imer fluorescence gives all the rate constants in the 
reaction scheme [Bi rks, Dyson and Munro 1963]. 
In order to calculate the four rate constants ka' kd, (k + k ) 
e q 
and (k' +k'), it is sufficient to measure A1 and A2 as a function of e q 
concentration [Hauser and Klein 1 9 73]. For simplicity , let 
n = k + k 
e q 
Then at all concentrations 
and 
and n' = k'+k' 
e q 
= n+n' +k +k [A] d a 
= 
(3.33) 
(3.34) 
(3.35) 
A plot of (A1 + A2 ) against [A] g i ves a slope of ka and an intercept of 
Similarly (A 1 • A2 ) p l otted against [A] gives a slope of n'k a 
and an intercept of n (n' + kd). Thus, the rate constants ka, kd, n and 
n' can be calculated. 
Forster and Kasper (1955) found that the half-value 
concentrations for pyrene excime r formation inc reased with solvent 
viscosity, indicating that the e xcirne r f o rmation wa s d iffusion-
controlled. The rat e of a diffusion-controlled reaction is generally 
determined from the c ombination of the Srnoluchowski equation 
[Smoluchowski 1917] 
k = 4 x 10- 3 TT ON ( DA + DA* ) (3.3 6 ) 
where o is t he encounter cross-section, DA and DA* ar e the diffusion 
coefficients of A and A* and N is Av ogadro's nwnbe r, with the Stokes-
Einstein equation 
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D = 
RT 
6rryn (3. 37) 
on the assumption t hat OAA* = 2y. The result is the expression most 
often used to calculate the rate of diffusion of so l ute molecules 
through a solvent of viscosity n: 
k 8RT (3.38) = 3000 n 
A more rigorous approach gives the expression [Osborne and Porter 1965; 
Stevens and Dubois 1966] 
k 8RT (3.39) = 2000 n 
The agreement between k and the rate c onstant calculated for 
a 
diffusion has also shown that excimer formation is a diffusion-
controlled collision process [Birks, Dyson and Munro 1963]. 
Ch therefore depend on the viscosity of the solve nt. 
Both k and 
a 
Because of the diffusion process involved in the formation of 
an excimer, there is often a measurable time delay for the excirner 
concentration to build up to a maximum. This time delay is obtained by 
differentiating equa tion (3.22) with respec t to "t" and equating to zero 
which g i ves 
6t = (3.40 ) 
max 
As \ 1 and ~2 a r e a f unct i on of concentratio n, [A], (equation 3.18), 
6t is als o c oncen t rat i on dependent. This e ffec t i s illustrate d in 
max 
Figure 3.1. 
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As illustrated in Figure 3.1, 6t decreases with increasing 
max 
concentration of pyrene, so a d e crease in 6 t provides strong evidence 
max 
for an increase in the pyrene c oncentration. The decrease in 6t for 
max 
pyrene excimer formation in mice lles with the bulk concentration of 
pyrene will be used in Chapter 5 for predicting the existence of 
micelles containing more than two pyrene molecule s . Similar behaviour 
of 2-methylnaphthalene provides further evidence for choosing a Poisso n 
distributiont to describe the stati f,tical distribution of solute 
molecules in micelles. 
3.1.2 Limiting Conditions 
Rate constants and thermodynamic data for excimer formation 
can be obtained from the temperature dependence studies of the process. 
Doller anq Forster [1962] derived equations for parameters which are 
used for thermodynamic data. The assumption used is that ask is 
e 
related to the strength of the absorption transition, it is generally 
independent of temperature. While there is no absorption corresponding 
to k', this rate constant is also assumed to be temperature independent. 
e 
The other rate constants involved in the excimer formation process are 
often temperature dependent and this dependence is assumed to be 
exponential: 
-(E./RT) 
k. l (3.41) N. e 
l l 
This temperature _dependence makes analysis of the p rocess more complex. 
For example, it has been shown that the temperature dependence of Ch for 
the mechanism (3.1) is given by [Doller and Forst r 1962), 
t 
Poisson distribution allows unlimited number o f solutes in a mice lle 
(Chapter 5). 
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k +E /RT 
= 
e a 
--· e cpN + 
cp' N k d e 
----• e ¢ N k I 
- (Ed - Ea) /RT 
(3.42) 
a a e 
where Ea and Ed are the activation energies for association and 
dissociation, and Na and Nd are the assoc iated Arrhenius factors. A 
full treatment with this type of equation has been made in a few cases 
[Selinger 1966]. However, it has now become common to simplify them by 
means of limiting conditions. 
For this purpose, it is necessary to define two sets of 
experimental conditions, which are distinguished by the relative 
magnitude of the dissociative and deactivating rate constants of the 
excimer. 
Case I: a Condition 
The a condition is defined by the condition 
where 
d 
>> ~ k I I 
~k' = k'+k'+ 
e q 
(3.43) 
= sum of the rat constants of all 
processes whic h deactivate the 
excimer. 
That is, in the a condition, dissociation of the E·xcimer predominates 
and the equilibrium is not perturbed by deactivat 1ons of the excited 
species. If the condition is applied to equatio n (3.10) 
k + k 
= 
e q • 
k' + k' 
(3. 4 4) 
e q 
Here Ch is no longer dependent on ka alone, but upon the ratio of 
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(kd/ka). Ch is then determined by the exc imer dissociation equilibrium 
and is independent of the viscosity of the solvent. 
For the a condition¢'/¢ becomes (from equation 3.30) 
= (A] • 
k' 
e 
k 
e 
• 
When a small amount of quencher is added, which quenches the 
fluorescence of both species (e.g. oxygen),~ k' becomes 
~ k' = k' +k' +k. 
e q o 
(3.45) 
The presence of an additional deactivation process (k) does not affect 
0 
the defined condition, because kd is already larger than the sum of all 
the deactivation rate constants. Thus, for the a condition ¢ '/¢ will 
not change on the addition of a quencher. In this region, the 
temperature dependence of the fluorescence ratio gives 6H*, the enthalpy 
of the formation of an excirner [Selinger 1966]. Under the a condition 
= 
where 
k' 
e 
[A] k 
e 
N 
a 
. -· 
- 6H*/RT 
e ' 
liH* = E* - E* . d a 
(3.46) 
A plot of Zn(¢'/¢) versus 1/T yields a straight line of gradient -liH*/R 
and intercept ln [A] k '/k • N /N . Under the a condition 
e a d 
~ l n ¢ = 
k' 
e 
ln k 
e 
6S* 6 H* [A] + - -
R RT (3.47) 
Evaluation o f k and k ' enables calculation o f 6H* and 6S *. Stevens and 
e e 
Ban (1964] h ave used this method to determine the enthalpies and 
entropies of photoassociation of naphthalene derivatives. It is worth 
no ting that the enthalpy of formation, liH*, can on ly be obtained 
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accurately and easily for a system in which t he excited state reaction 
is unperturbed by t h e deactivation process, i.e. a condition [McDonald 
and Selinger 1971a]. 
Case II: 6 Condition 
The S condition is defined by the condition 
<< ~ k I • 
That is, once an excimer is formed it deactivates rather than 
dissociates. For the 6 condition equation (3.10) reduces to 
and equation (3.30) becomes 
= 
= 
k + k 
e q 
k' 
e (A] k 
e 
k 
• 
a 
k 
a 
k ' + k' 
e q 
(3.48) 
(3.49) 
(3.50) 
Equation (3.49) means that if the mean decay time, (1 /4k +kl), of the 
e q 
initially excited species is known, then the value of Ch gives the 
bimolecular rate constant of association. It is also useful to express 
equation (3.49) as 
where 
T = 
1 
k + k 
e q 
k 
a 
= 
1 
= li f etime of initially excited species 
in the absence of a quencher. 
This value of k can be compared with the value calculated from a 
a 
diffusion equation. 
(3.51) 
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When a small amount of quencher is added, the rate constant 
for the quenching process, k, causes¢'/¢ to decrease because equation 
0 
(3.50) becomes 
= 
k' 
[A] e • 
k 
e 
k 
a 
k'+k'+k +k 
e q d o 
(3.52) 
The tests and requirements for these two limiting c ases, the a 
and S conditions, are described elsewhere [Cohen and Selinger 1969; 
McDonald and Selinger 1971a]. In this study, the tests of these two 
limiting conditions will be: (1) the effect of a quencher {e.g. oxygen) 
on¢'/¢, and (2) the nature of the decay of the monomer and the excimer. 
(1) For the a condition¢'/¢ is not affected by the addition of a 
quencher. However, for the S condition¢'/¢ decreases with 
the concentration of a quencher. 
{2) For the a condition the lifetime of the monomer and that of 
the excimer are almost identical. The only difference will be 
the time delay in the build-up of the excimer. The decay time 
is the average of the lifetime for pur e monomer and pure 
excimer, weighted by the relative time the system is present 
as one or the other species. However , for the S condition the 
monomer lifetime is different from tha t of the excimer. 
The tests of the limiting conditions have been applied to the 
pyrene, 2-methylnaphthalene and 1-cyanonaphthalene excimer processes. 
These are illustrated in the subsequent figures (Figures 3.2 - 3.4). 
The effect of an added quencher on the ratio¢'/¢ is used in 
Chapter 5 to investigate the nature of the solute-micelle-solve nt syste m. 
In homogeneous solutions¢'/¢ cannot be increased by the addition of a 
quencher (see equation 3.52). However, the ratio ¢ '/¢ increases on the 
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(JI 
N 
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addition of a quencher to a micellar solution of pyrene. This anomalous 
effect will be explained by the distribution of solutes in micelles. 
3.2 EXCIPLEXES 
The formation of a molecular complex b e tween two different 
partners in the excited state (hetero-excimer or later called exciplex 
[Walker, Bednar and Lumry 1966; Birks 1967]) was discovered by 
Leonhardt and Weller [1963]. It had been observed that the quenching of 
perylene fluorescenc e by diethylaniline was accompanied by the 
appearance of a new structureless broad band at longer wavelengths. As 
no absorption corresponding to a complex could be found, the complex is 
not stable in the ground state. Following this discovery, many other 
examples of similar complex formation have been found. 
3.2.1 Effect of Solvent on the 
Fluorescence Frequency 
One of the characteristics of exciplex fluorescence is the 
sensitivity of their emission frequency to the polarity of the solvent 
[Beens, Knibbe and Weller 1967]. The exciplex fluorescence band is red 
shifted when the solvent polarity increases. This red shift is 
attributed to the hig h value of the excited dipole moment (µ) of the 
complex. Beens and Weller [1968] used equation (3.53) to relate the red 
shift andµ. 
where 
v' = 
f = 
max 
E: - 1 
2€ + 1 
211 2 
V - _1-"'_ ( f - ½f I ) 
o hcp3 
and f' = 
n 2 - n 
2n2 + 1 · 
(3.53) 
Although plots of v' versus ( f - ½f') exhibit some scatter d ue to 
max 
specific solvent-solute interactions, they enable the dipole moment to 
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be estimated for an assumed value of the radius (p) of the cavity 
containing the exciplex. Assuming p = 5 ~ for the anthracene-diethyl-
analine exc i plex, its dipole moment has been estimated to be > 10 Debye 
[Beens, Knibbe and Weller 1967]. 
Se linger and McDonae d (1972] have measured the polarity 
dependence of V' and of¢'/¢ in solvents of similar viscosity but 
max 
different polarity. The extent of charge transfer has been estimated 
from the results. They observed that anthracene-diethylaniline, 
2-methoxynaphthalene-naphthalene and 1-cyanonapht halene-naphthalene 
exciplexes have decreasing charge transfer charac ter. 
Exciplexes can be classified into three groups depending upon 
the values of their dipole moments (µ) [Beens and Weller 1968]. 
(1) The exciplex with a high dipole moment,µ, owes its stability 
almost totally to charge transfer. Aromatic hydrocarbons-
diethylaniline are examples of this group. 
(2) The exciplex with a small dipole moment , µ (but µ ~ 0). This 
type of exciplex will be stabilised partly by resonance 
interaction. 1-Cyanonaphthalene-naphthalene is an example of 
this group. 
(3) Excimers can be treated as an exciplex with µ = 0. 
is independent of the solve nt polarity. 
Here V' 
max 
3.2.2 Effect of Solvent on the Quantum Yield 
The intensity of emission from the exciplex decreases with 
increasing solvent polarity. The effect 1.s stronger for exciplexes 
having almost pure charge transfer character [Knibbe 1969]. The 
fluorescence lifetime of the exciplex also decreases with increasing 
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polarity of the solvent. For the anthracene-diethy laniline exciplex, 
the exciplex intensity and the decay time have been found to decrease by 
a factor of 35 and 3 .5 respectively when the dielectric constant of the 
solvent changes from 2 to 12 [Knibbe, Rollig, Schafer and Weller 1967]. 
In similar studies on the dimethylaniline-pyrene e xciplex, Mataga, Okada 
and Yamamoto (1967] have reported change factors of 44 and 2.8 
respectively. Mataga et al. explained these observations on the basis 
of the complex-solvent interaction which led to the conclusion that the 
radiative rate constant decreases with increasing solvent polarity. 
However, Knibbe et al. explained the effect on the basis of formation of ~ 
solvated ion pair between the solvent and each of the components. The 
following kinetic scheme has been suggested for the latter 
interpretation of exciplex formation in polar solvents [Selinger and 
McDonald 1972]. 
A*+ D 
A +hV A 
k 
a 
(AD)* (Exciplex) 
k q 
A+ D 
(3.54) 
A+ D + hV' 
where k. and k~ are polarity dependent rate cons tants for the formation 
l. l. 
of solvated ions. Although the nature of the quench complex is not 
66 
specified, it has been assumed that (AD)* d e activates directly prior t o 
exciplex formation. According to this kinetic scheme an increase in k '. 
i 
reduces both the exciplex lifetime and the emission intensity where as an 
increase ink. reduces only the emission intensity of the exciplex . 
i 
As the emission frequency of an excimer is insensitive to the 
polarity of the solvent it is not a good fl uores cent p robe t o use f o r 
estimating the polarity of the interior of micelles. Howeve r, exciplex 
emission is sensitive to solvent polarity and the red shift of the 
emission maxl.Inum band of an exciplex is used to investigate the polarity 
of the interior of micelles in Section 5.2. 
3.3 PRCYI'OLYTIC REACTIONS 
The pH dependence of the fluoresce nce spectrum of 
l-naphthalamine-9-sulphonate was discovered by Weber [1931]. Nearly 
twenty years later, the effect was interpreted by Forster who also 
reported the excited state dissociation of hydroxy- and amino-pyrene 
sulphonates [Forster 1950a]. Similar results have been obtained with 
naphthalene derivatives [Forster 195Gb]. Following the se experimental 
observations, a detailed study and a full derivation of the kinetics of 
these protolytic reactions have been contributed by Weller [1952, 1954]. 
Protolytic reactions have been reviewed by Weller [1961]; Eigen, Kruse, 
Maass and d e May e r [1964]; Parker [1968b]; a nd v a n der Do n ckt [1970 ]. 
The a c idity of a molecule is defined according to its pK 
- a 
value. The acidity of an excited state is expected to differ from that 
of the ground state. The ground state pK value can be obtained from 
a 
the pH dependenc e of the absorption spectra [Jaffe and Orchin 1962]. 
The acidity of t he excited state pK* can b e obtained d i r e ctly , if 
a 
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equilibrium is attained within the lifetime of t h e e xcited molecule, by 
measuring the fluorescence intensities a s a function of pH. Forster 
[1950a] proposed a method for determining the pK* using the following 
a 
equation, which assumes that the entropy changes are the same in the 
ground and excited singlet states: 
pK* = pK _ 0 . 625 (~V) 
a a T 
(3.55) 
~v (cm- 1 ) can be obtained from the diffe r ence in the absorption maxima 
(or the fluorescence maxima) of the acidic and basic forms. This method 
enables pK* to be calculated from the abs orption spectra alone . pK* can 
a a 
also be obtained from the rate constants of the p roton transfer reaction 
in the excited state from fluorescent measurement [Weller 1952]. 
According to their pK and pK* values, aromatic acids can be 
a a 
classified in two groups [Weller 1961]. 
(1) Aromatic amines and phenols have pK* < pK. That is, they are 
a a 
much stronger acids in their excited state than in their 
ground states. Examples are 2-naphthylamine and 2-naphthol. 
(2) Aromatic carboxylic acids and a romatic ketones have pK* > pK. 
a a 
They become much stronger bases in the excited states. 
Acridine is an example. 
Furthermo re, there are two different t ypes of reactions 
depending on the nature of the equilibria in their excited states 
[Forster 1960]. Firstly, reactions in which equilibrium is established 
in the excited state before deactivation by fluorescence occurs . This 
is indicated by the rapid change over from the basic to the a cidic 
spectrum with changing pH values. 2-Naphthylamine is an example. 
Secondly, reactions whose rates are generally not suffic iently rapid to 
establish equilibrium before radiative and rad iat i onl e ss d epopulation 
of the excited state occurs. This is indicated b y the fac t that the 
fluorescence of both forms are pres nt over a wide range of pH value s. 
2-Naphthol is an example. 
3.3.1 The Equilibrium of 
2-Naphthol*-Water Reaction 
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The fluorescence spectra of 2-naphthol i n water as a funct i on 
of pH is shown in Figure 3.5. In a strong acid solution only naphtho l 
fluorescence is observed. Only naphtholate ion fluorescence at l onge r 
wavelengths is detected for a strong basic solution. From the cor rected 
fluorescence spectra of 2-naphthol at different v a lues of pH, a p l ot of 
¢/¢ 0 against pH or¢'/¢~ against pH can be obtaine d. ¢ 0 and ¢ ~ are the 
fluorescence quantum yield of naphthol in acidic and basic solutions 
respectively; ¢and ¢ ' are the corresponding values at a certa in pH. 
For an accurate determination of the quantum yield ratios, the mutual 
overlap in the fluorescence spectrum due to the two species mus t be 
taken into account as described for pyrene in Section 2.1.2. 
The plots of ¢/¢ 0 and¢'/¢~ against pH a re shown in Figure · 3.6. 
At first ¢/¢ 0 decrease s as the pH value increases . However, ¢ /¢ 0 
becomes constant for the region (~ pH 3 - 7) and i t decreases again as ~ pH 
value further increases. On the other hand,¢'/¢ ~ increases with the 
increase in pH values except for the r egion betwee n pH 3- 7. These 
experimental obseryations can be explained by the acid-base reaction o f 
a molecule in water where the latter is a proton acceptor. At 25 °C, 
the following values are obtained for the flat region of the curves 
[Weller 1952): 
~ 
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Figure 3.5. Fluorescence spectra of 2-naphthol in water. Excitation at 316 nm . 
(a) acidic, and (b) basic. 
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= 0.73 {3.56) 
= 0.28. {3.57) 
That is 
1 . (3.58 ) 
The constant values of ¢/¢ 0 and ¢
1 / ¢ 0 in the wide range of pH 
values mean that the fluorescence of both species are present in this 
region. In this pH region the ground state exists entirely as ROH. RO 
is virtually not present in the ground state for more than 2 - 3 pH units 
to the acid side of the pK of 9.49 [Weller 1952). That is the 
a 
appearance of naphtholate ion fluorescence in the flat region of the 
curves indicates that it must have arisen from the excited reaction 
{ 3. 59) 
The pH independence of ROH* and Ro-* fluorescence in this region must be 
due to the fact that the reverse reaction occurs only to a negligible 
extent, for the reverse reaction would be [H 3 0+) d ependent. Therefore , 
this wide range of pH where the fluorescence of both species is observed 
is attributed to the incomplete e stablishment of the equilibrium in the 
excited state [Forster 1960]. 
At higher pH (above the pK ), the r i se in¢'/¢' and the fall 
a o 
of ¢/¢ 0 with the increase of pH are both due to the shift in the ground 
state equilibrium towards the right. In this region the decrease of ROH 
* causes the drop of ROH fluoresc e nce and the increase of RO- causes the 
-* RO fluorescence to increase. Thus ¢ 1 /¢~ increases and there is 
virtually only RO- present in both the ground state and the excited state in 
the strong basic solutions. 
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In the region beyond the flat curve, the reverse reaction 
becomes more and more significant due to the increase in [H 3 0+]. This 
marked increase in [H 3 0+] causes the rise in ¢/¢ 0 and the drop in¢'/¢ ~. 
* Therefore, only ROH fluorescence appears in a strong acid solution. 
The appearance of the flat region in this type of plot can be used as an 
indicator for a reaction in which the equilibrium is not completely 
established in the excited state before fluorescence occurs. 
As indicated in the reaction scheme (3.59), the time resolved 
fluorescence of the ROH* and RO-* are different from each other. 
-* * Because RO is formed from ROH, there will be a time delay before the 
decay curve of RO-* fluorescence reaches a maximum whereas, since ROH* 
is excited directly, its decay shows no time delay. The decay of ROH* 
and RO-* will be presented in Chapter 5. The 2-naphthol protolytic 
reaction discussed above will be used as a fluorescent probe to locate 
the charged particles in a micellar-aqueous-system. The experiment 
involves the selective fluorescence quenching of ROH* and Ro-* using 
both water soluble and water insoluble quenchers. The full treatment 
will be given in Section 5.4.4. 
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CHAPTER 4 
MICELLE FORMATION IN AQUEOUS SOLUTION 
Soap solutions were first investigated by McBain and 
co-workers in the 1900's and the term "ioni c micelle" was suggested for 
an aggregate of soap molecules by McBain [1913]. Hartley [1936], after 
working on an alkyl quaternary ammonium sal t , interpreted micelle 
formation in a q ueous solution as being a hydrophobic effect and 
postulated the existence of the "spherical micelle". Since the 1940's 
these early works on ionic micelles have bee n f o llowed with the study of 
micelle formation by nonionic surfactants. 
Intensive studies on micelle formation in aqueous and non-
aqueous solutions have led to a fairly detailed understanding of the 
micelle. In many systems, the micelle appears LO be a compac t 
spheroidal particle 12 - 30 ~ in radius in which the hydrocarbon tail is 
inside, remote from the aqueous phase and the h ydrophilic groups are at 
the surface. Micelles may be considered as str c tures capable of both 
rapid breakdown and rapid formation. The breakdown time of the micelles 
of cetyltrimethylamrnoniurn bromide is less than 1 ms [Heckman 1958]. 
Jaycock and Ottewill (1964] reported that the bre akdown of sodi um 
dodecyl sulphate (SOS) and dodecyl pyridinium iod ide is also f as t, the 
half-life being the order of 10 ms. 
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Bes i des the commercial importance of surfactants, the under-
standing of micelle formation is extremely important, because micelle 
formation is an example of the hydrophobic effect which is of foremost 
importance in biological macromolecules. Therefore, the micelles t h em-
selves, which offer the advantage of simple structure and surface 
composition, can be utilised as models for studying biological systems. 
In this thesis micelle formation in aqueous solution has been studied 
using the fluorescent probe technique. Therefore, in this chapter the 
study of some relevant physical properties of micellar systems and some 
factors which i nfluence them is reported. 
4.1 IONIC MICELLES 
In the development of some fluore scent p r obes to be applied 
to micellar aqueous systems, ionic micelles will be investigated in 
Chapter 5. Anionic micelles formed by SOS will be the focus of the 
study. The distribution of solutes in the micelles and location of the 
solute in the micellar aqueous system will be investigated. For these 
reasons the structure of ionic micelles is presented in this section. 
An ionic surfactant molecule has a hydrocarbon chain as the 
hydrophobic part, and a water soluble polar head group. For example, 
the SOS molecule can be presented as follows: 
- hydrophobic region 
hy drop hilic 
reg i on 
A schematic representation of the regions of a spherical ionic micelle 
is shown in Figure 4.1. An ionic micelle has three different regions, 
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Figure 4.1. A schematic r epresentatio n o f the reg ion of a 
spherical ionic micell e . (e ) are the po la r he ad groups , 
(O) are the counterions and (~) are the hydrocarbon 
chains. The Gouy-Chapman layer (not ind i c ated) is a 
region outside the Stern layer. (Afte r Fendler and 
Fendler [1970] . ) 
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namely the micelle interior (core), the Stern layer and the Gouy-Chapman 
layer. 
The micelle interior consists of hydrocarbon chains and this 
hydrophobic region is generally regarded as a small volume of liquid 
hydrocarbon. The simplest evidence for a liquid-like nature of the 
micelle interior comes from the ability to dissolve hydrocarbons and 
other hydrophobic substances. The hydrocarbon chains of micelles are 
anchored to the surface ~ the hydrophilic groups, and are thus 
restricted in their mobility. Therefore, the micelle interior is 
expected to have a higher viscosity than the corresponding pure hydro-
carbon. For aliphatic hydrocarbon chains of 12 to 16 carbon atoms a.. 
microviscosity of 17 to 32 cpt at 27 °C for the micelle interior has 
been obtained using perylene as a fluorescent probe [Shinitzky, 
Dianoux, Gitler and Weber 1971]. The polarity of the micelle interior 
is suspected to be high but no real evidence on this aspect has so far 
been obtained. 
The Stern layer is a region surrounding the micelle interior. 
The polar head groups and some of the ionised counterions are 
distributed in this aqueous layer. Stigter [1975] investigated the 
properties of a variety of anionic micelles and concluded that the 
thickness of the Stern layer for sodium alkyl sulphates is 4.6 ~- The 
rest of the counterions are distributed outside the shear surface. The 
diffuse atmosphere where these counterions are distributed is known as 
the Gouy-Chapman layer. 
t These values are to be compared with viscosities of 3.0 cp for liquid 
n-hexadecane at a comparable temperature, and of 13.4 cp for 
n-hexadecyl alcohol at 50 °C (about twice this value is to be 
expected at 25 °C) [Tanford 1973]. 
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4.2 NONIONIC MICELLES 
A nonionic surfactant molecule general l y cons ists of~hydro-
carbon chain attached to a chain of ethylene oxide or propylene oxide 
units (hydrophilic region). For example, polyoxyethene alcoho ls have a 
general formula: 
number of moles of ethylene oxide added to one mole of a given alcohol. 
The solubility of these nonionic surfactants i n water is probably due 
to the hydration of ether oxygen atoms in the hydrophilic region 
[Ferguson 1955). Thus the solubility of nonionic surfactants depends on 
the ethylene oxide chain length. Depending on the hydrophobic group, at 
least four to six ethylene oxide units p e r molecule are required to 
produce a water soluble surfactant. Solubility charts for some IC I 
products are given in Figure 4.2. The most remarkable observation with 
nonionic sur f actants is the formation of micelles at about one-hundredth 
the concentration required for ionic sur f actants with comparable 
hydrophobic groups. Other differences in the physical properties of 
micelles formed by ionic and nonionic surfacta nts will be presented in 
the appropriate s ections. 
4.2.1 Cloud Poin t 
Whe n t h e temperature of a nonion ic surfactant solution is 
raised the d i srup tion of hydrogen bonding causes a nonionic surfactant 
to become less soluble in water. In prac tice , there is a narrow, well 
defined temperature over which the solut i on of the nonionic surfactant 
becomes turbid. This temperature is cal l ed t he "cloud point" [Maclay 
1956). A surfactant molecule with a longer e thylene oxide chain and the 
same hydrophobic length can exist in solution to a higher temperature 
78 
I2A2 N3 
12A3 N4 
I2A4 N5 
l2A6 NS 
I2A8 NlO 
12A9 Nl2 
12Al2 NIS 
12Al6 N20 
I2A23 NIOO 
·-
·c5 0 
Q) Q) 
-
C: C: 0 C C 0 ·-~ ..,_ ~ (1) C ~ Q) C -.... Q) '+-N C 0 Q) N 0 0 .... C r. ._ ... C .c. 
'"'" C, Q) .... C C Q) ... 0 ~ .0 4) Q. .. ..0 Cl) Q. 
Osoluble insoluble ~dispersable 
Figure 4.2. Solubility char ts fo r Te r ic 12A series and Teric N 
series of ICI (Aus tralia Ltd. ) produc ts. 12A and N stand for 
lauryl alcohol and nonyl pheno l r e spective ly. The numbers on 
the right represent the n umbe r of ethylene o xide per molecule 
(for example , 12A8 is lauryl a lcohol with 8 ethylene oxide 
chains) . 
--
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because of the greater hydrogen bonding betwe en water molecul sand the 
longer ethylene oxide chain. In other words, the cloud point is a 
measure of the water solubility of the surfac tants. The cloud points of 
some ICI products are given in Table 4.1. 
t 
4.3 
Table 4.1 
The effect of ethylene oxide chain length on the cloud point. t 
Trade Mark 
12A6 
12A8 
12Al2 
12A23 
Structure 
CH 3 (CH 2 ) 11 O(OCH2 CH2 ) 5 C2 H4 OH 
CH 3 (CH 2 ) 11 O(0CH 2 CH 2 ) 7 C2 H4 OH 
CH 3 (CH 2 ) 11 O(0CH 2 CH 2 ) 11 C2 H4 OH 
CH (CH) O(OCH CH) CH OH 
3 2 11 2 2 2 2 2 4 
Cloud Point/°C 
±2 °C 
40 
60 
92 
> 100 
From the ICI, Organic Chemicals, Technical Lite rature. IC I 
(Australia Ltd.). The concentrations were 1% i n hard water, 30 ppm 
CaCO 3 • 
CRITICAL MICELLE CONCENTRATION (CMC) 
The concentration of a surfactant i n so l ution at which the 
molecules beg in to aggregate to form a micelle is termed "critical 
micelle conce ntration" (CMC). Above the CMC a further increase in the 
surfactant concentration just increases the number of micelles, not the 
number of mo l ecules in a micelle. In practice, t he CMC is determined 
from the change in slope obtained when an appropr i ate physical property 
that distinguishes between micellar surfactant and free surfactant 
monomer is plotted against total surfactant concen tration. There fore, 
the determination of CMC may be carried out by a variety of methods. 
These have been described previously in some deta i l [McBain and 
Hutchinson 1955; Shinoda 1963). 
--
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The CMC of surfactant micelles depends on the nature and the 
structure of the surfactant molecules. The longer the hydrocar b o n chain 
length the stronger the hydrophobicity and thus the lower the CMC. The 
position of the head group in the h ydrocarbon chain also affects the CMC. 
The closer the head group to the centre of the chain the higher the CMC 
[Evans 1956). The CMC of potassium stearate (CH 3 (CH 2 ) 16 COOK) at 55 °C 
and that of potassium oleate (CH 3 (CH 2 ) 7 CH = CH(CH 2 ) 7 COOK) at 50 °Care 
found to be 4. 5 x 10- 4 and 12 x 10- 4 mol z- 1 respectively [Klevens 195 3] . 
The increase in CMC has been attributed to the presence of a double bond 
in the latter case. The effect of different polar head groups on t h e 
CMC is shown in Table 4.2. 
Table 4.2 
Effect of the polar head groups on the CMC. 
Surfactant CMC/mol z-l Reference 
CH 3 (CH 2 ) 11 SO 4 Na 8.10 X 10- 3 Mysels and Princen [1959) 
CH 3 (CH 2 ) 11 SO 3 Na 1. 00 X 10-
2 Berrnet and Zisman [1959) 
CH (CH) COOK 3 2 1 1 1. 25 X 10-
2 Klevens [1948) 
CH 3 (CH 2 ) 9 CH(COOK) 2 1. 30 X 10- l Shinoda [1955) 
CH 3 (CH l ) 8 C6 H4 (0CHlCH 2 ) 10 OH 7. 50 X 10- S Schick, Atlas and Eirich [1962] 
CH (CH) CH (OCH CH) OH 
3 2 8 6 4 2 2 20 . 
1.45 X 10- 4 II 
CH 3 (CH 2 ) 8 C6 H4 (OCH 2 CH 2 ) 50 OH 2. 80 X 10-
4 II 
For anionic micelles the CMC is affected by the nature of the head 
groups. For example, the CMC increases as the head groups change from 
sulphate to sulphonate to carboxylate. A decrease in the number of head 
groups also lowers the CMC. The effect of the head groups on the CMC is 
due to the electrostatic repulsion between these charged ions. The 
effect of the nature of the counterions, whose charge is opposite to 
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that of the polar head groups, on the CMC has b e en studied. The CMC of 
dodecyltrimethyl ammonium chloride is 0.062 while that of the 
corresponding bromid e is 0.016 mol z- 1 [Wright, Abbott, Sivertz and 
Tartar 1939 ]. More recently, the effect of dif f erent counterions on the 
CMC of lauryl sulpha tes has been reported to be fairly large [Mukerjee 
1967]. The CMC of lauryl sulphates with differe nt counterions are given 
in Table 4.3. 
Table 4.3 
Variation of the CMC of lauryl sulphates with different counterions .t 
Counterions of 
Lauryl Sulphate 
(CH 3 ) 4 N 
+ 
(C2H5)4N + 
t uk . From M erJee [1967]. 
CMC/10-3 mol z- 1 
8.92 
8.32 
7.17 (32 °C) 
6.09 
5.52 
3.85 
The solvent was water (25 °C). 
For nonionic mi c elles, where there is no charged head group, the CMC are 
much lower t han those of ionic micelles. For a series of compounds with 
the same hy d rophobic group, an increase in the number of ethylene oxide 
units is acc ompanied by an increase in the CMC (Table 4.2). Thus the 
CMC values o f nonionic micelles depend on the length of both hydrophobic 
and hydrophilic regions of the surfactant molecu l es. 
Be side s the effects of the nature and the structure of 
surfactant mole c ules on the CMC, there are other factors which i n fluence 
the CMC. It can be expected that the addition o f any foreign compounds , 
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which affect the nature and the environment of the surfactant molecules, 
might change the CMC. The addition of an electrolyte, which reduces the 
repulsion between the polar head groups, lowers-the CMC. The CMC of 
cetylpyridinium chloride, 1. 2 x 10- 4 mol z- 1 , is lowered to 0. 41 x 10- 4 
mol z-l by the addition of 0.730 mol z-l of NaCl [Anacker 1958]. The 
CMC is temperature dependent and SDS has a minimum for its CMC at 25 °C 
[Goddard and Benson 1957]. For nonionic micelles the CMC decre ase s 
monotonically with decreasing temperature. The increase in the CMC of 
anionic micelles with an incre ase in temperature may be due to thermal 
agitation which prevents association of the monomer surfactant molecules. 
The decrease in the CMC with a decrease in temperature is thought to be 
due to the dominance of a process which dehydrates surfactant molecule s 
over the effect of thermal agitation. At higher t emperatures the 
monomers become hydrophobic and thus the CMC is lowered. 
The CMC is really a measure of the maximum solubility of a 
surfactant in water. At concentrations higher than the CMC, no further 
surfactant will dissolve so it stays in a separate phase, and because of 
the nature of the surfactant it forms micelles. The lower CMC values of 
nonionic surfactants indicate that the nonionic surfactants are less 
soluble in water than ionic surfactants. 
4.4 SIZE AND SHAPE 
The size and shape of a micelle can be determined by a variety 
of experimental methods. These have been reviewed by Anacker (1970]. 
Several different configurations have been postulated for the micelle, 
ranging from a sphere [Hartly 1936] through oblate and prolate 
ellipsoids to a large cylinder. The fluorescent probe technique, 
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discussed further in Chapter 5, has been used to determine the size of 
the micelles. However, the shape of the micelle cannot be predicted 
using the fluorescent probe, because the probe is not sensitive to this 
variable. As the technique will be applied to anionic and nonionic 
micelles, factors which influence the size and shape of both types of 
micelle are discussed here. 
The micelle size depends on the nature and the structure of 
the surfactant molecules. An increase in the hydrocarbon chain length 
causes an inc rease in the micelle size. For example, sodium d e cyl 
- + 
sulphate (CH 3 (CH 2 ) 9 S04 Na) has an aggregation number of 50 at 2 5 °C 
- + whereas SOS (CH 3 (CHL) 11 S04 Na) has the value 62 at the same temperature 
[Fendler and Fendler 1970]. For all types of surfactants the micelle 
size increase s with the hydrocarbon chain length, but the magnitude of 
the effect ma y be quite different for different types of surfactant. 
The aggregation numbers of n-alkyl hexaoxyethylene glycol mono ether are 
73 and 3100 at 25 °C for n = 10 and n = 14 respectively [Balrnbra, Clunie, 
Corkill and Goodman 1964]. The dependence of the micelle size on the 
polar head group structure has been studied with light scattering 
techniques [Geer, Eyler and Anacker 1971]. The aggregation numbers of 
substituted ammonium salts, each having the decyl hydrocarbon chain are 
given in Table 4.4 . The aggregation number is influenced by the 
substitution of CH 3 groups for H atoms on the polar head. The increas e 
in the ionic streng th decreases the repulsion between the ionic head 
groups and so the micelles become bigger. For example, when the head 
group is -NH; the e ffective ionic strength in t h e vicinity of the head 
group is larger than when the head group is -N( CH3 ); because the 
counterions can approach the -NH; group more closely. It can also be 
seen from Table 4.4 that a chang e in counterions from Br to Cl causes 
t 
Table 4.4 
t Micelle sizes for decylammonium salt. 
Surfactant 
Dt_!·cyl trimethylammonium bromide 
D cyldimethylamrnoniurn bromide 
r:>ecylmethylammoniurn bromide 
D cylammonium bromide 
De.~ylammoniurn chloride 
Structure 
+ -C 10 H21 N ( CH 3 ) 3 Br 
+ -
clOH21NH(CH3)2Br 
+ -
cl OH2 l NH 2 (CH3) Br 
+ -C10 H21 NH 3 Br 
+ -C10 HL1NH 3Cl 
Aggregation 
Number 
48 
69 
670 
1100 
78 
1 1- 1 From Geer e t a&. [1971]. The solvent was 0.5 mol & NaBr at 25 °C 
except for . ·decylamrnoniurn chloride which was O .1 mol z- 1 NaCl at 
30 °C. 
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a very large change in the aggregation number. For nonionic surfactan t s 
an increase in the polyoxyethylene chain length appears to be associate d 
with a decrease in the aggregation number. For example, the nonylphenol 
with 10 ethylene oxide units in the chain h as 276 molecules in a micelle 
whereas the nonylphenol with 30 ethylene oxide units in the chain has 
only 55 molecules per micelle [Schick, Atlas and Eirich 1962]. 
One way of reducing the repulsion between the charged polar 
groups is to increase the electrolyte conce ntration in the aqueous 
phase. Thus, an addition of electrolyte makes the micelle size bigger. 
Anacker [1958] reported that the micelle s i zes o f cetylpyridiniurn 
chloride in water and 0.73 mol z-l NaCl aqueous solutions were 95 and 
137 respectively. The effect of added electroly te on the size of non-
ionic micelles is much less straightforward. Th e size of mi celles 
formed by most nonionics is relatively unaffecte d by added electrolyte, 
as one would expect. However, nonioni c s containing both very few 
ethylene oxide units (8) and very many (100) give divergent results. In 
the former case the aggregation number of laury l alcoh ol 8 ethylene 
... 
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oxide increases on the addition of electrolyte, and the magnitude of the 
increase depends on the nature of the electrolyte: 0.50 mol z-i CaC1 2 
causes an increase from 123 to 149, but 0.50 mol z-i Na 2 SO 4 causes an 
increase to 856. In the case of octadecanol 100 ethylene oxide the 
addition of electrolyte causes a marked decrease in aggregation number. 
Despite some attempt to attribute these results to a change in the 
structure of water caused by the electrolyte [Schick 1962], they remain 
largely unexplained. 
The presence 9f octane, decane, cyclohexane or benzene 
increases the micelle size of hexadecyltrimethylamrnonium bromide 
micelles [Hyde and Robb 1964]. A similar effect has been observed for 
n-decane and n-decanol in methoxy-polyoxyethylene de cyl ether [Nakagawa, 
Kuriyarne and Inoue 1960]. 
The temperature dependence of the size of the ionic micelle has 
been studied by light scattering methods [Kuriyama 1962]. The sizes o f 
SDS micelles in 0.1 mol z-i NaCl at different temperatures are given in 
Table 4.5. The results indicate that the aggregation number decreases 
as the temperature is increased. 
Table 4.5 
t Micelle sizes of SDS at various temperatures. 
Temperature 
17.0 
20.0 
30.0 
50.2 
69.8 
Aggregation 
Number 
106 
101 
88 
78 
68 
t From Kuriyama [ 1962] . The sol vent was 0 .1 mol z- 1 NaCl aqueous solution . 
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In nonionic surfactants, the hydrophilic group will e xert a 
strong attraction for water molecules and the resulting hydrogen bonding 
with the ethylene oxide chain is one of the contributing factors in 
forming a micelle. H.ydrogen bonding is an exothermic process, and 
so as the temperature rises, the extent of hydrogen bonding decreases 
and bigger micelles become energetically favourable. Therefore, in 
contrast to ionic micelles, nonionic micelles increase rapidly in size 
with an increase in temperature [Maclay 1956; Kuriyama 1962; Balm.bra, 
Clunie, Corkill and Goodman 1962, 1964; and Elworthy and McDonald 
~ 1965]. Kuriyama (1962] studied the temperature dependence of micelle 
formation by methoxy-polyoxyethylene decy l ethe r (C10 H2 1 (OCH 2 CH2 ) 12 
OCH 3 ). The results of his light scattering experiments, which indic ate 
un increase in micelle size with temperature, are given in Table 4.6. 
Table 4.6 
Micelle sizes of methoxy-polyoxyethyle ne decyl ether 
at various temperatures.t 
t 
Temperature 
oc 
9.7 
29.0 
50.7 
58.5 
69.7 
73.4 
75.0 
From Kuriyama (1962]. 
Aggregation 
Number 
47 
53 
65 
73 
101 
131 
165 
The solvent wa s water. 
The effect of temperature on the micelle size o f n-dodecyl hexaoxy-
Mt 
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Balmbra et al. [1962], and the increase in the micelle size with 
temperature was found to be exponential. From these experimental 
observations the magnitude of the effect of temperature on nonionic 
micelles seems to be quite different. The smaller micelles may have a 
spherical shape, however the increase in size seems to be accompanie d by 
a distortion of the micelle shape. Elworthy and McDonald [1965] have 
studied the hexadecyl series with 7, 8 and 9 ethylene oxide chain units. 
Distinct temperature regions where the size increases slightly and where 
the size increases rapidly have been observed. The threshold 
temperatures for hexadecyl with 7, 8 and 9 ethylene oxide units have 
been reported to be 22°, 36.3° and 47.9 °C. Below the threshold 
temperature the spherical model fits the experimental results, but above 
the threshold temperature the micelles become asymmetric and the oblate 
ellipsoidal model fits the result best [Elworthy et al.]. 
In Chapter 5 the effect of the addition of electrolyte on the 
micelle size of SOS and the effect of temperature and ethylene oxide 
chain length on the micelle size of some nonionic surfactants will be 
investigated using the fluorescent probe technique. 
4.5 SOLUTES IN MICELLES 
In the fluorescent probe technique the exact location of the 
probe in the micellar aqueous system becomes important. We have 
developed a technique, based on the selective quenching of fluorescence, 
which has enabled us to locate the neutral and the charged spec ies in 
the micelle-aqueous two-phase system. This will be described i n Sectio n 
5.3.2. 
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When an aromatic hydrocarbon with very low solubility in water 
is added to a surfactant solution which forms micelles, the solute 
solubility is markedly greater than in pure water. For example, the 
solubility of pyrene in 0.1 mol z- 1 sos anionic surfactant solution is 
about a thousand times greater than that of pyrene in pure water. 
However, the actual location of the solute, solubilised by micelles, 
depends on the nature of both the solute and the surfactant. A solute 
can be located in three different positions in an anionic micelle. Non-
polar molecules are dissolved in the micelle interior. Polar molecules 
consisting of a hydrocarbon chain and a weakly hydrophilic group, such 
as long chain alcohols or amines, are incorporated into the micelle with 
the hydrocarbon tail in the micelle interior and the hydrophilic heads 
pointing towards the polar head groups of the micelles. Solute with 
very low solubility in both water and in a hydrocarbon may be 
solubilised in micelles by their adsorption onto the surface of the 
micelles. McBain and McHan [1948] found that dimethylphthalate adsorbed 
onto the exterior polar groups of the micelles. For nonionic micelles, 
apart from the above three possibilities, there is another possible 
region where a solute can be situated. Since in nonionic micelles 
hydrogen bonded polyoxyethylene chains form a hydrophilic region, it is 
possible for a solute to be incorporated in this region, depending of 
course on the strength of the affinity of the solute for the polyoxy-
ethylene group. These possible locations of a solute in a micelle are 
all illustrated in Figure 4.3. 
For a solute which is reasonably soluble in both water and in 
a hydrocarbon, the distribution of the solute between the aqueous and 
surfactant phases depends on the concentration of surfactant molecules. 
Hautala, Schore and Turro [1973] obtained the distribution of 
(a) (b) 
(c) 
Figure 4.3. Location of (a) nonpolar solutes (--) and 
(b ) polar solutes (a--) in ionic mic e lles; (c) solutes 
( --) in nonionic micelles. (~) are polyoxyethylene 
c h ains. (After Nakagawa and Shinoda (1963] .) 
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naphthalene molecules in wate r conta i ning hexadecyltrimethylamrnonium 
bromide. The solubility of n aphthale ne in water is 2. 34 x 10- 4 mol z- 1 
[Seidell 1952]. Hautala et a l . found that for 0.002 mol z- 1 surfactant 
in water, only 34% of naphtha l ene mo l ecules were inside the micelle s , 
the rest being in the aqueous phase. The number of naphthalene 
molecules inside a micelle inc reases as the surfactant concentration was 
increased and 96% of the solute was i n the micelles of a surfactant 
l - 1 concentration of 0.06 mol . 
In this chapter an attempt has been made to describe the 
physico-chemical behaviour of surfactant solutions in terms of the 
structure of the micelles and the nature of the solvent. However, 
although there is no shortage of experimental data, there is as yet no 
good general theoretical exp l anation for much of it. Although there 
have been some advances in t he last few years, the quotation below from 
Anacker [1970] is still large ly true: 
"In spite of the great amount of research that has been 
carried out in the field of surfactants, there remains much to 
be learned about the mi cellization process. We would like to 
know, for example, the details of monomer-micelle equilibria, 
the extent of dimerization and other forms of pre-cmc 
association, something about the kinetics of micelle formation, 
micelle size distribution and the factors which control it, 
the exact role of the solvent, the relative importance of 
water-hydrocarbon interfacial energy and attractive cohesive 
energy between hydrocarbon chains, why the aggregation number 
is strongly depe ndent upon concentration and ionic strength 
for some surfactants but not for others , and exactly why 
different counte rions have different a ggregating powers. 
Solutions to problems s uch as these will require the 
utilization of all available technique s ." 
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CHAPTER 5 
EXCITED STATE PROCESSES IN MICELLES 
In fluorescence spectroscopy excited state processes such as 
complex formation, fluorescence quenching, protolytic reactions and 
isomerisation in solution have been extens i vely studied in the past few 
years. The p r esent state of knowledge of t he photophysical properties 
of these excited state processes can be use d to study some phy sical 
properties of a solvent. 
In this chapter the main interes t is to examine the nature of 
some excited state processes in a surfactant which forms micelles in 
aqueous solution. The followi ng processes have been used as fluorescent 
probes to explore the physical properties of micelles in aqueous 
solutions: 
(a) complex formation (exc imer and exc iple x); 
(b) quenching of fluo r esce nce; 
(c) protolytic reactions; 
and (d) energy transfer. 
The use of a fluo res cent probe i n studyi ng excimer kinetics in 
a surfactant micelle was f i rst attempted b y Forste r and Selinger [1964 ] . 
They stud ied excimer forma t ion by pyrene a nd 2-me t hylnapht halene. For 
seven years this te c hnique rece ived little attent i on. The n, because of 
the simil arity between micelle s and b i ologi cal membra nes and t he analogy 
-92 
between micellar and enzymatic catalysis, kinetic studies of reactions 
in micelles became increasingly important in biochemical research. It 
has also become a technique of interest to preparative organic chemists 
because of the unusual synthes s that can be carried out in micelles 
[Fendler and Fendler 1970]. Because of the extensive use of surfactan ts 
in modern industries, the understanding of micellar systems has become 
more and more important. 
From a spectroscopic point o f view, surfactant solutions are 
suitable solvents; many are transparent down to 250 nm. They have good 
solubilising properties and most of them do not fluoresce. However, a 
more detailed understanding of a solvent of this type is still necessary. 
As a result, there has been much recent study using the fluorescent 
probe technique [Almgren 1972; Gratzel and Thomas 1972; Hauser and 
Klein 1972, 1973; Hautala and Turro 1972; Hautala, Turro and Schore 
1973; Dorrance and Hunter 1972, 1974; Kenney-Wallace and Flint 1975; 
Klein and Hauser 1975; Geiger and Turro 1975). 
5.1 EXCIMER FORMATION IN SURFACTANT MICELLES 
The kinetic scheme for the formation of fluorescing excited 
dimers of aromatic compounds (later called excimers) was developed b y 
Forster and co-wo rkers in the 1950's. It was found that these rate 
parameters were f ast enough to compete with fluorescence and radiation-
less processes (~ 10 7 sec- 1 ). By the early 1960's, a suff i cient variety 
of compounds and solve nts had been examined to establish a clear pattern. 
The excimer system is an ideal one with which to study surfactant 
micelles because although these micelles are in dyn amic equilibrium with 
individually dissolved surfactant molecules, indications are that this 
equilibrium involves processes occurring at many orders of magnitude 
lower rate than the rates of excimer formation. The micellar solution 
offers an instantaneous microsolvent system in which the individual 
micelles are isolated completely from each other as far as the 
fluorescent system is concerned. 
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The experiments of Forster and Selinger (1964] showed two 
things. The monomer-excimer steady state is not affected by diluting 
the surfactant system with water because this does not influence the 
number of micelles (except at concentrations near the critical micelle 
concentration (CMC) but merely moves the micelles further apart). This 
result established the essentially intramicellar nature of the excimer 
kinetic process, which is consistent with the time scale of excimer 
formation being of the order of the lifetime of the excited singlet 
state of the monomer - about one-tenth of a microsecond. Secondly, when 
the average number of molecules per micelle was of the order of unity or 
less (as was the case for pyrene), the excimer steady state was 
influenced by the statistical distribution of micellar occupation. It 
takes two pyrene molecules to form an excimer rather than the bulk 
concentration of pyrene 1.n solution. Excimer formation in "homogeneous" 
normal organic solvent have been described elsewhere [Forster 1963; 
Birks, Dyson and Munro 1963; Selinger 1966; Forster 1969; and Speed 
and Selinger 1969]. 
5.1.1 Static Quenching Studies 
In this section the que nching of pyrene fluorescence from 
micelles by an external quenching molecule or ion present in the 
solution has been studied. Through a comparison of the quenching of the 
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two types of fluorescence emanating from pyrene in solution, mon o me r 
fluorescence and excimer fluorescence, it is possible to establish that 
there are micelles occupied by only one pyrene molecule and from which 
only monomer fluorescence is observed and that there are micelles 
occupied by more than one pyrene molecule from which both monomer and 
excimer fluorescence can be observed. 
The kinetics of excimer formation are well established. 
Although it is possible to analyse such a system fully, with the 
mechanism described in (3.1.1), 
A*+ A 
A+ hV A 
k 
a 
(AA)* 
(AA) + hV' (AA) 
~ / 
A + A , 
it is useful to define two sets of experimental conditions, differing in 
the relative magnitudes of the dissociative (kd) and deactivating (k~ 
and k') rate constants of the excimer. Under quasi-equilibrium q 
conditions 
>> k' +k' 
e q ("a condition", Section 3.1.2) 
and so the relative concentrations of excited monomer and excimer are 
unaffected by the addition of a quencher (as the equilibrium between the 
two species is maintained). Therefore, the ratio of the fluorescence 
intensities is unaffected by a quencher. When 
<< k' +k' 
e q (" /3 condition", Section 3.1.2) 
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the addition o f a quenche r will decrease the ratio of e xcimer to monome r 
and thus decre ase the ratio ¢ '/¢, the excimer:monomer emission 
intensities. 
In these two l i mit i ng conditions, the additio n of a q uenche r 
to a monomer- e xcimer sys t em may cause eithe r no change in¢' /¢ or a 
decrease in ¢ '/¢. It is in this context t h at the results pre sented i n 
Table 5.1 are interesting . When the ubiquitous quenche r oxygen is a dded 
to pyrene in surfactant s olutions, the rat i o of excimer to monomer 
emission (¢'/¢ ) is increased, the one poss i bility which is excluded in 
homogeneous s olvents. Th e effect is more p ronounced at lower 
concentrations. 
Table 5.1 
Oxygen q uenching of pyrene excimer formation in 0 .1 mol z- 1 sos. 
10 3 Oxygen Added Deoxygenated (¢ ' /¢ )siuenched 
x [pyrene] / 
mol z- 1 I' I I'/I ¢' / ¢ I' I I'/I ¢' /¢ (¢'/¢ )unquenche d 
1.0 52 27 1.9 3 1.96 145 85 1.71 1.74 1.13 
0.45 34 44 0.7 7 0.79 100 193 0.52 0.53 1.49 
Ont possible e xplanation of these resul ts would be that the 
observed monomer fluores cence is a sum of fluore s cence from micelles and 
from rnonorner j c pyrene in aqueous solution. The a ddi tio n of oxygen might 
quench the l a tter without affecting the rnonomer- e xcimer equilibrium in 
the micelles . The -repor t ed solubility of pyrene in wa t er is 10- 6 mol z- i 
[Se i dell 195 :1 ]. However , for 3. 9 x 10- 7 mol z- 1 pyre ne, a 100- f old 
increase in J_ nstrumental sensitivity was necessar y to detect t he 
fluorescence of aqueous p yrene and so the fluore s cence of aqueous pyrene 
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did not contr ibut e t o the obs erved fluores cence. Furthermore, dilution 
of the solution with water, which would inc rease the relative amount of 
aqueous pyrene mo nome r compa r ed to the mice llar pyrene (monomer+ 
excirner) did not decr ease the ratio ¢ '/¢. 
Another possible explanation is t hat the anomalous quenching 
effect i s due to microcrystal formation in micelles, for pyrene has been 
found to crystallise from detergent solutions whe n the solution is 
diluted below the CMC. Pyrene microcrystals emit excimer type 
fluorescence [McDonald and Selinger 1971b], which would be insensitive 
to quenching by oxygen and hence result in an inc rease in¢' /¢ . I f 
pyrene crystals were being formed, doping with an anthracene-type 
compound would result in efficient energy transfer to, followed by 
emission from, the added compound. For example, crystals of pyrene 
t doped with 1% 9-methylanthrac ene show strong gue s t fluorescence. 
However, solutions of pyrene and 2% 9-rnethylanthr acene show no 
significant fluorescence from the 9-methylanthracene. This indicates 
that microcrystals of pyrene were not formed under the experimental 
conditions. 
To check that the e ffect i s not restric ted to quenching by 
oxygen a similar experiment using a different quencher has been carried 
out. The effect of adding a solution containing Mn 2 + ions is shown in 
Table 5.2. Mn 2 + is a suitable quencher for anionic micelles because its 
positive charge allows entry into the micelle whereas added iodide ions 
would be repelled and ineffec tive as a quencher. Th e opposite is true 
t This test for microcrystal format i on at low t emp erature has b e en use d 
previously [Mc Donald and Selinger 1971b]; but there the dop i ng 
concentration was lower b e cause of the more efficient trapping at l ow 
temperature. 
Table 5.2 
Mn 2 + que nching of pyrene excimer formation in 0 .1 mol z-i SDS. 
10 3 x [pyrene] /mol i- 1 
1.0 
0 .45 
(¢'/¢) quenched 
(¢ '/¢) 
unquenched 
for [MnC1 2 ] 
= 2 . 5 x 10 - 3 mo 1 l - 1 
1.55 
1.85 
(¢' /¢ )quenched 
(¢'/¢ )unquenche d 
for [Mn C1 2 ] 
= 5 . 0 x 10 - 3 mo 1 l - 1 
1.95 
2.2 2 
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for cationi c micelles for which iodide is a suitable quencher. It i s 
evident that the results are analogous to those obtained with oxygen. 
The results of these fluorescence quench i ng expe rime nts can be 
explained o n the bas is of the distribution of pyrene molecules in t h e 
surfactant micelles. 
Be cause t h e average number of molecules per micelle µ is 
approximately 0.6 ( f or 1.0 X 10- 3 mol z-l pyrene in 0.1 mol z-l SDS 
assuming an aggregat ion number of 60 [Shinoda 1963]), most of the 
occupied mi celles wi ll only be singly occupied and these cannot form 
excimers.t The fluo rescence spectra of pyrene in SDS for different 
concentratio ns of p y rene ~ve shown in Figure 5.1. A plot of the 
corrected i n tensity ratio of excimer to monomer fluorescen ce as a 
function of bulk concentration i s given in Figure 5.2. In contrast to 
homogeneous solutior s, this plot is not linear, but curves upwards at 
higher concentratior s. The individual Stern Volmer plots 1/¢ versus 
concentration, and 1/¢' versus 1/concentration give different values f o r 
t This explains th high apparent mean self-quench i ng concentration f o r 
pyrene in micelle s. Forster and Selinger (19 64] found that p y r e ne i n 
CDBA has a half- alue concentration of 2. 6 x 10- 2 mol i- 1 , whic h is 
greater b y a factor of 20 than that in a comparable homogeneous 
solution. 
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3 
5000 4000 
WAVELENGTH / (Angstroms) 
Fluoresce nce spectra o f deo xygenated py r ene in 
z- 1 sos solutions. Excitation at 337 nm. 
( 1 ) l.42 X l0- 3 mol z- 1 pyrene; 
( 2 ) 6 . 80 X 10- 4 mo l z- 1 pyrene; 
( 3 ) 3 .15 X 10- 4 mo l z- 1 pyrene. 
4 
cp' 
-cp 
2 
0 ·5 I· O 1· 5 
CONCENTRAT ION OF PYRENE / ,o-3 mol. ( 1 
Figure 5.2. Correcte d ratio of excimer/ rnono mer f luorescence 
[¢ ' / ¢ ] as a function of bulk concentration o f pyrene in 
0.1 rnol z- l sos. 
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the mean self-quenching constants (in as far as these can be estimated 
from non-linear plo ts). The Stern Volmer plot for pyrene excimer in 
homogeneous solutio n is a linear plot [Doller 1961]. The non-linearity 
in Figure 5.2 will be explained on the basis of the statistical 
distribution of so l ute molecules in micelles. 
Within a micelle occupied by two or more pyrene molecules, 
fluorescence occurs from both monomer and excimer suggesting that normal 
solution kinetics p revails. Oxygen quenches monomer fluorescence and 
because the excimer is formed from the monomer it indirectly reduces 
excimer fluoresce nce by the same amount. In addition oxygen also 
quenches excime r fluore s cence directly. If all the micelles in the 
solution contained two o r more pyrene molecules, ¢ '/¢ would not be 
expected to increase on the addition of quencher. However, many 
micelles contain only o ne pyrene molecule and quenching of pyrene 
(monomer) fluorescence in these micelles decreases the monomer 
fluorescence intensity without there being an attendant decrease in the 
excimer fluorescence intensity. This causes an increase in the fraction 
¢'/¢. The more dilute the solution the greater the ratio of singly to 
multiply occupied micelles and so the greater the increase. 
One can assume that solute molecules are distributed among the 
micelles at random with no limit on occupation nwnber. This was done by 
Forster and Selinger (1964]. Such a distribution would follow Poisson 
statistics, viz. 
P(x) = 
whereµ is the mean number of solute molecules per micelle and P(x) t he 
probability that a micelle contains x solute mole c ules. Thus a solution 
of l.Ox 10- 3 mol i- 1 pyrene in 0.1 mol i- 1 sos, where the avera ge number 
of pyrene molecules per micelle, µ, is 0.6 and assuming a micelle 
aggregation number of 60, 
P(O) = 0.549 
P(l) = 0.329 
P (~ 2) = 1 - P ( 0) - P ( 1) = 0. 12 2 . 
This means 27% of the occupied micelles contain two or more molecules 
(and can thus show excimer fluorescence) while at a concentration of 
4. 5 x 10- 4 mol z- 1 this is reduced to 13%. This explains the 
concentration dependence of the ratio (cj) I /cj)) / (cj) '/ cj)) quenched unquenched 
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found in Tables 5.1 and 5.2. In both cases the quenching of monomer in 
singly occupied micelles is more prominent in dilute solutions where 
such micelles are relatively more numerous. 
Excimer formation by pyrene in anionic surfactant (SOS) has 
been investigated by Hauser and Klein [1973]. Because they found no 
concentration dependence of excimer fluorescence decay, they postulated 
that the occupation could not exceed 2 and hence used Bose statistics to 
describe the distribution of solute molecules in micelles. For mean 
occupation numbers of less than unity these statistics are not 
significantly different from Poisson statistics within the accuracy of 
the assumptions. Just which statistics are more applicable will be 
discussed in Section 5.1.2.2 where the use of a solute for whichµ can 
be larger is considered. The statistics then predict very different 
results. 
5.1.2 Dynamic Studies 
Further information on the statistical distribution of hydro-
carbon among the micelles can be obtained from the fluorescence decay of 
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pyrene monomer and excime r in micelles. Hauser and Klein [1972, 1973] 
found that the decay of p yrene excimer in SDS was independent of the 
bulk concentration of pyrene. They fitted the decay curves for the 
concentration range from 10- 4 to 1. 63 x 10- 3 mol z- 1 to the general 
expression 
I I ( t) = c(e-Alt_e-A2t) 
where 
A1 = 13 X 10 6 sec - 1 
;\2 = 44 X 10 6 sec- 1 
and applied Boson statistics to describe the distribu tion of hydrocarbon 
molecules in micelles. If Boson statistics are assumed to describe the 
distribution of solutes in micelles, the occupancy cannot exceed 2. 
This is in conflict with the Pois s on distribution suggested on the basis 
of the fluorescence quenching expe riment described earlier. In an 
attempt to resolve this discrepancy, the decay of pyrene excimer and 
monomer have been re-examined usin g single photon counting decay 
spectroscopy. The use of different surfactants and 2-methylnaphthalene 
as a solute has made poss i ble stud ies at higher occupancy numbers. 
5.1.2.1 Solutes in micel l es with low occupancy 
When pyrene was used as a fluorescent probe the experimental 
conditions were as follows : the excitation wavelength was 337 nm with a 
band pass of 2 nm; monome r emission was observed at 372 nm and excimer 
emission at 490 nm, both with a band bass of 10 nm. The surfactant 
solution was 0.1 mol z-l SDS. 
For low pyrene concentration where micelles with more than one 
pyrene molecule are rare, the monomer fluorescence occurs exclusively 
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from singly occupied micelles and is exponential (Figure 5.3a). As the 
concentration is increased, micelles with two or more pyrene molecules 
occur and monomer fluorescence corning from these micelles contributes a 
shorter component to the decay curve (Figure 5.3b) which becomes more 
and more significant as the concentration increases (Figure 5.3c, 5.3d). 
The curves can be fitted with two exponentials. The longer 
component T
0 
is the "true" monomer lifetime in singly occupied micelles 
and the shorter component Tis the monomer fluorescence decay from 
multiply occupied micelles. This parameter Tis a combination of the 
two decay parameters T1 and T2 which are associated with both monomer 
and excirner decay. However, the separation into three exponentials is 
not valid [Knight and Selinger 1971], and only where the T0 contribution 
is small could a resolution into T1 and T 2 be attempted with the 
theoretical expression 
I(t) = B e -t/T 1 -t/T2 1 + B2 e • 
The fitted parameters for the decay curves of Figure 5.3 are given in 
Table 5.3. T0 , the lifetime of the monomer fluorescence from singly 
occupied micelles, remains virtually constant at 388 ns as the mean 
number of pyrene molecules per rnicelle increases from zero to one. In 
the table A0 and A are the zero time amplitudes of the monomer 
fluorescence from singly and multiply occupied micelles respectively and 
A0 T0 , AT are the corresponding fluorescence intensities. It is evident 
that the ratio A0 T0 /AT decreases with increasing pyrene concentration 
(i.e. as the ratio of multiply to singly occupied micelles increases). 
This ratio is needed to determine the number of singly and multiply 
occupied micelles required for further calculations. 
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Figure 5. 3 . Fl uo res c e nce de c ay c urves f o r p y r ene mo nomer in 
0 .1 mo l i - 1 SOS. 
(a) 2 . 0 x 1 0- 5 mo 1 z - 1 ; 
{ c ) 1 . 0 x 10 - 3 mo 1 z - 1 ; 
{ b ) 4 . 5 x 10 - 4 mo 1 z - 1 ; 
{d) 1. 5 x 10- 3 mo l z- 1 • 
The t i me sca le is 4.3 8 n s per channe l. 
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-Table 5.3 
Fluorescence decay parameters of pyrene in 
1- 1 deoxygenated 0.1 mol ~ SOS solution. 
10 3 x [pyrene] /mol z- 1 
0.02 
0.45 
1.00 
1.50 
0.00 
0.27 
0.60 
0.90 
T0/ns 
388 
405 
408 
386 
Monomer 
T x2 
ns \) 
1.4 
8 2 1.4 
66 1.5 
54 2.4 
105 
A0T 0/AT 
40.03 
25.00 
19.16 
The time resolved fluorescence decay of the excimer is 
different from that of the monomer. Because the excimer is formed from 
the excited monomer, the curve s rise from zero, reach a maximum and then 
decay according to the expres s ion 
I I (t) = 
where I' (t) is the time dependent intensity of excimer emission. 
It can be seen that T 1 and T 2 are associated with both the 
monomer (multiply occupied micelles) and excimer decay. In homogeneous 
solutions they are concentration dependent variables which can in theory 
be obtained from either species, but in practice are obtained from a 
combination of both. In micellar solution it has been suggested that T 1 
and T 2 are constants [Hauser and Klein 1973]. The decay parameters are 
obtained by a computer fit of the experimental decay curves (Figure 5.4) 
to the theoretical · curve convoluted with the lamp pulse. This method of 
fitting has been shown to be the only statistically valid procedure 
[Knight and Se linger 1971] and the value of chi-square for the f its are 
given in the tables. Because no error was included for the lamp , the 
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value of chi-square (X 2 ) has been overestimated and the fit is in fact 
\) 
even better than suggested. The fitted decay parameters are found to 
vary with concentration (Table 5.4). It is this variation with 
concentration which has led us to describe micellar solutes as Poissons 
rather than Bosons. 
Table 5.4 
Fluorescence decay parameters of pyrene excimer in 
deoxygenated 0.1 mol z-l SDS solution. 
10 3 x [pyrene] /mol z- 1 
0.45 
1.00 
1.50 
0.27 
0.60 
0.90 
89 
81 
72 
35 
28 
22 
Excimer 
x2 
\) 
1.8 
2.1 
2.4 
6.t /ns 
max 
54 
45 
37 
The fluorescence decay parameters of pyrene in 5% G9Al0 non-
i o nic surfactant show the same trend as those in SDS (Tables 5.5, 5.6). 
Pyrene monomer fluorescence is double exponential and the ratio A0 T0 /AT 
decreases with increase inµ. However, the pyrene monomer lifetime 
is shorter in G9Al0 micelles than in SDS micell e s. The lifetimes of 
pyrene monomer in different solvents are shown i n Table 5.7. The 
parameters T1 and T2 for pyrene excimer also de c rease with the 
concentration of solute. These experimental results provide further 
justification for ascribing a Poisson distribution to the distribution 
of solutes in poly-0xyethylene alcohol type micelles. 
-Table 5.5 
Fluorescence decay parameters of pyrene in deoxygenated 
5% Teric G9Al0 solution. 
Monomer 
10 3 x [pyrene] /mol z- 1 µ 
T 0 /ns T/ns x2 \) 
0 .026 0.01 329 1.4 
1.320 0.75 325 46 1.3 
2 .640 1.50 332 45 1.9 
Table 5.6 
Fluorescence decay parameters of p y rene excimer 
in deoxygenated 5% Teric G9Al0 solution. 
10 3 x [pyrene] / mol z- 1 
1.320 
2.640 
µ 
0.75 
1.50 
T 1/ns 
73 
66 
Table 5.7 
Excimer 
T
2
/ns 
23 
19 
x2 
\) 
3.0 
1.5 
A0 T0 /AT 
37.8 
15.71 
~t /ns 
max 
39 
33 
Fluoresce nce life t i me s of pyrene monome r in different solvents. 
Solvent 
Water 
sos 
Teric G9Al0 
Ethanol 
Cyclohexane 
T/ns 
207 
388 
329 
290t 
450t 
t Birks [ 1970a] . 
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5.1.2.2 Solutes in micelles 
with high occupancy 
109 
The previous section presented the use of pyrene as a 
fluorescent probe. The solubility of pyrene in surfactant solution is 
low. For example the mean occupation number of pyrene molecules in SOS 
is always less than one. However, because of the large enthalpy of 
excimer formation, fluorescence of excimer was observed. Thus , it was 
possible to study the statistical distribution of solute molecules 
amongst micelles. 2-Methylnaphthalene has a much smaller enthalpy of 
excimer formation but it is much more soluble, so that excimer 
fluorescence could again be detected in micelles. A linear plot has 
been obtained when the corrected intensities ratio of excirner to monomer 
fluorescence is plotted against the bulk concentration of 2-methyl-
naphthalene (Figure 5.5). This plot is similar to the plot obtained for 
2-methylnaphthalene in homogeneous solutions [Selinger 1966]. Quenching 
by oxygen (Table 5.8), Mn 2 + and I does not affect the ratio of excimer 
to monomer emission intensities (¢'/¢ ) for two reasons. 
(a) At the concentration of 2-methylnaphthalene required for 
10 2 
X [2MN]/ 
mol z-l 
2.0 
excimer fluorescence (high because of the low enthalpy of 
formation), the number of s ingly occupied micelles is low and 
Table 5.8 
Oxygen quenching of 2-me thylnaphthalene excimer 
fluorescence in 0.1 mol z-l sos solution. 
Oxygen Added 
I I I I I /I ¢I/¢ 
23 50 0.46 0.37 
Oeoxygenated 
I' I I I /I ¢I/¢ 
44 95 0.46 0.37 
(¢'/¢)quenched 
(¢'/¢)unq uenched 
1.00 
O·B 
0·6 
f 
cp 
0·4 
0 ·2 
I 2 3 4 
CONCENTRATION OF 2-~HYU~PHTHAlENE/1O-2 ~Lll 
Figure 5.5. Correcte d fluor e scenc e intens ity ratio of e xc1mer 
to mo nome r - (¢ '/¢) as a f unction of bulk c oncentration of 
2-methylnaphthale ne in 0 . 1 mol z-l sos. 
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so quenching of monomer fluorescence without consequential 
quenching of excimer fluorescence is not important. 
(b) The low enthalpy of formation of the excimer means that the 
excited state reactions are in a steady state which is 
unperturbed by a small increase in deactivation processes ("Ct 
conditions"). 
The Ct conditions can be best demonstrated by a study of the 
fluorescence decay of the two species (Figure 5.6). The curves for 
monomer and excimer are almost identical except that the excimer shows a 
small delay 6t before maximum intensity of fluorescence is attained 
max 
because of the need for association between the pairs of molecule s. The 
decay lifetime is an average o f t h e lifetime of pure monomer and pure 
excimer weighted by the relative time t he s ystem is present as one or 
the other species. It can b e seen from table 5.9 that this lifetime 
varies with the mean micellar occupation number. 
Table 5 .9 
Fluorescence decay parameter s of 2-methy lnaphthalene 
in 1. 30 x 10- 2 mol z- 1 Teric 12A23. 
Cone. of 2-methyl-
naphthalene/10-3 
mol z-l 
Occupation 
Number 
µ 
Monomer Excimer 
T/ns x2 
\) T1/ns T2/ns x2 \) 
0.48 
2.43 
4.88 
0.9 5 3 1.7 no excimer 
4.5 59 1.8 57 0.99 7.3 
9.0 63 2.4 64 0.67 5.0 
1-Cya nonaphthalene has a lso been used in this study, because 
the mean occupa ncy numb e r lies be t ween those of pyrene and 2-methyl-
naphthalene. I n the case of 1-cyanonaphtha lene, excimer fluor e scence is 
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Figure 5. 6. Fluorescence decay curves for 8. 7 3 x 10- 3 mol z- 1 
2-methylnaphthalene in a 0.1 mol z-l sos. 
(a) monomer, and (b) excimer. 
The time scale is 1.0 ns per channel. Excitation at 316 nm 
(2 nm band pass). Monomer and exc imer emissions were 
observed at 335 nm and 416 nm respectively. A 10 nm band 
pass was used when monitoring both the monomer and excimer 
emission. 
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l - 1 _ observed in homogeneous solutions above a concentration of 0.002 mol 
A mean micellar occupation number in the range 0.6 to 10 corresponds to 
fluorescence from mainly monomer to mainly excimer. A study of the 
fluorescence decay curves (Figure 5.7) shows that this system is in the 
B condition. The rate of dissociation of excimer back to excited 
monomer is small and thus the excited monomer and excimer fluorescence 
show very different decay curves. The long lifetime component of the 
monomer fluorescence becomes more significant with decreasing solute 
concentration and is attributed to monomer fluorescence from singly 
occupied micelles. Because the mean occupancy numbers for 1-cyano-
naphthalene are higher than for pyrene, the fraction of singly occupied 
micelles is lower and the contribution from the long component 
associated with monomer emission is smaller. 2-Methylnaphthalene has a 
much higher mean occupancy number and in this case the long component is 
completely absent. 
Thus, the series pyrene, 1-cyanonaphthalene and 2-methyl-
naphthalene form excimers with decreasing enthalpy (requiring increasing 
concentration for their formation) with a consequent quasi-equilibrium 
excited state reaction in the latter case. With pyrene the statistical 
argument predominates. In the case where the average occupancy,µ, is 
large, as with 2-methylnaphthalene, we are virtually dealing with a 
dispersed lipophilic "normal" solution. For largeµ a Poisson 
distribution leads to a nonlinear micelle occupancy probability for 
P (> 2)/P(l) versusµ, presented in Figure 5.8. The analogous plot for 
a Boson distribution whereµ cannot exceed 2 is shown in Figure 5.9. 
Although Poisson and Boson statistics predict very similar 
distributions for small values ofµ they predict very different 
distributions for large values ofµ. The experimental results for 
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· - 3 i - 1 Figure 5. 7. Fluo resce nce decay cur ve s for 3 . 0 x 10 mol 
1-cyfinonaphth alene in 1.3 x 10- 2 mol z -l Teric 12A2 3. 
(a) monomer, and (b ) exc i me r . 
Th e time sca l e i s 0.41 ns per channel. Exc i tation at 316 nm 
(2 nm band p a ss). Monome r and excime r emiss ions we r e 
ob s erved at 343 nm and 44 2 nm r esp ec t ive ly. A 10 nm band 
pas s was used both for monomer and e xcimer e mi s sion. 
20 
15 
p ( ~ 2) 
P( I) 
10 
5 
l·O 30 
µ 
Figure 5.8 . Plo t of P (~ 2 )/P (l) a gainstµ f u r a Poi sson 
distribut ion . 
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Fi J ure 5 .9. Bos o n distribution curves. 
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7.0 
5.0 
P(2) 
p ( 1) 
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2-methy _napht halene have verified that a mi celle c an contain more than 
two sol 1te molecules , and thus Poisson statisticc are mor e a pplicabl e 
for the description of the distribution of solutEs in mice lles . 
5.1.3 .1icell e SizE 
In ;ecticn 5.1.2, Poisson statistics h ave been f ound t o apply 
to the distrib utior of solute molecules in micell es. At a g i ve n solute 
concentration , the distribution of solute molecul e s will depend on the 
size, and the 1·eforE aggregation number, of the mi celle. The as s ump tion 
of a Poisson d istriJution of pyrene mole cules among the micelles gives 
the theoretica l cur , es of Figures 5 .10 and 5 . 11. For values of µ < 1, 
P (> 2) is small a n J the curves are very simi lar to that for Bo s on 
occupation ( P ( > 2) = 0 ) . 
Consider the fluorescenc e spe c trum of pyrene in surfac tant 
micelles, presented i n Figure 5.12. The exc i mer fluorescence intensity 
can be related to the probability of finding micelles containing more 
than one solute molecu le, P (> 2), and the monomer intensity related to 
the probability of finding micelles containin g only one pyrene solute 
molecule, P(l ). In order to obtain the aggregation number of a micelle 
by relating fluorescence intensity ratio s to the theoretical 
P (~ 2)/P (l) ratio, two important a djustment~ must be made. 
(1) Mice lles whi ch are multip ly o c cupi Ed ha v e that multip le of the 
abs o rbance. The probabi l ity d istri butio n is for micelle 
nwnbe rs: f o r example, s e parate bea kers of singly and doubly 
occ upied mi celles containing equal numbe rs of mice lle s would 
dif f er by a factor of two in their absorbance . Thus the ratio 
of excirner fluorescence to monomer f luorescence from s ingly 
l·0 
0·6 
p (i) 
0·2 
l·0 2·0 3-0 • 
i= 3 
i= 2 
i = I 
i=O 
4·0 µ. 
Figure 5 .10 . Po is ;on di s tribution c irve s f o r P (i) ; i = 0 , 3 . 
1 18 
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l·0 
P () 2) multiply 
0·6 
F (i) 
0·2 
l·0 2 ·0 3·0 4 ·0 µ. 
Fi ure 5.11. Plots of P (~ 2) and P(l) agains t µ. P (~ 2 ) 
corresponds t o multiply occupied mice lles and P (l) 
corresponds t o singly occupied micelles. 
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occ upied 11icel le s wo uld be expected to b e proport ional to 
[ 2 X P ( 2 ) + 3 X P ( 3 ) + 4 X P ( 4 ) + . . . ] /P ( 1 ) 
(2) On the otl1er h a nd, the f a ct t hat a cert ain a mount o f monome r 
fl t oresce 1c e c omes from mult i ply occupi ed micel les (se e 
dynamic s :udie s i n Section 5 . 1.2 ) necessitates one fu r the r 
ad J ustmen : . The fac :or A0 T0 / AT obtaine d f rom t he monome r 
fl uoresce ice decay c u rve has to be used t o reduce t he obs e rved 
intensi ti , !s of monomer fluore scence so that it correspo nds to 
p ( 1) • 
In cases where the ,:ontri bution o f multiply occup ied mi c e lle s t o the 
monomer fluorescenc l= is s mall, ad j ustment (2 ) may be neglected b u t for 
larger micell e s adj ustment (2) is significant. 
For t h e mi celle s ize to be determi ned using t h is t ech n ique, 
adjustment (2) s hou l d be made exp l icitly where r e levant. There are s o me 
difficulties involv~d 1.n a pplying adjus tment (1) properly, n amely 
obtaining the e xact numb e rs of solutes in each micelle and t he accurate 
quantum yields o f t h e excimer and monomer fluo rescence. The re fore 
adjustment (1), at t he p r esent state o f unders tanding , s hould be made b y 
using a ge nera l plo t f x (P (~ 2)/P(l)) vers us ..1 . By t a king t e ratio of 
t 
excimer t o monomer f luore scence quantum yields to b e 1 .5 and setting 
the factor f equal t o 2.5, the agg regation number o f SOS obta i ned was in 
agreement with the l i terature value. These a s sump t ion s and t h e plot o f 
2.Sx (P (~ 2)/P (l)) versus~ (Figure 5 .13) will b e u sed t o study the 
effect of electroly t e and temperature on t h e s ize o f i o ni c an d nonion i c 
micelle s re spectivel / . 
t The ratio of the q uantum yields of exc i mer to monome r in n-hexadecane 
and paraffin oil are give n as 1 .31 and 1.92 r e spec t ive l y [Seidel 
196 3] . 
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5.1.3.l Effect of electrolyte on micelle size 
With ionic surfactants, the micellar aggregate can b e 
increased b y reducing the repulsion between the charged polar ends of 
the molecules. One way of doing this is to i ncrease the electrolyte 
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concentration of the aqueous phase. The aggregation numbers for 
different electrolytes at various concentration are well known [Elwo rthy, 
Florence and Macfar lane 1968]. 
One would expect increasing mice lle s i ze would enhance excimer 
format J :)n. The addition of NaCl to a pyrene-SOS solution led to an 
enhanc ent of the excimer fluorescence at the expense of monomer 
emissic 1 (Fig ure 5.14). NaCl has no quenching e ffect on pyre ne monomer 
in SOS ( 2 x 10- 5 mol z- 1 py cene 1.n O. 1 mol z- 1 SOS) . Thus, t he increase 
1.n cp' / ¢ is due to the incr ,~ase in the size of the micelles . ·This effect 
was al~) observed by Hause £ and Klein [1973]. NaCl has a similar effect 
on pyrE: 1e-COBA solution. Table 5 .10 contrasts this behaviour with the 
behavic ur of pyrene in Tri t on XlOO for which there is no significant 
change 1pon the addition o f salt. Nonionic surfactants are not 
sensitive to the ionic strength of the solution. 
Table 5.10 
Effe ct o f ele : trolyte on excimer f l uoresce nce. 
Excimer-Mice l le [NaCl] /mo l z- 1 cp I ;cp 
ANIONI C 
5 X 10- 4 mol z- 1 pyrene 0.0 1.93 
in 0.-05 mol z- 1 sos 0.5 2.84 
CATI ON I C 
5 X 10- 4 mol z- 1 pyrene 0.0 0.6 5 
in 0.05 mol z- 1 COBA 0. 5 0.8 3 
NONI ON I C 
2 X 10- 4 mol z- 1 pyrene 0. 0 0.6 5 
in 1.5% Triton XlOO 0.5 0.6 3 
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Figure 5.14. Co r re c t ed fluorescence spectra of pyrene 
1 x 10- 3 mol z-1 i n 0. 0 5 mo l z-l sos. Exc itation at 3 37 nm. 
(1) alo ne; 
(2) with addi ti on of 0.5 mol z-l NaCl. 
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The fluorescence decay curves for pyrene excimer at different 
electrolyte concentrations have also been obtained. The fitted decay 
parameters are given in Table 5.11. The time delay 6t increases with 
max 
the increase of NaCl concentration as one would expect if the micelle 
size is increased. 
In the decay of monomer fluorescence, the addition of salt 
causes an increase in the contribution of the short component at the 
expense of the long component (Figure 5.15) when the pyrene bulk 
concentration remains the same. 
Table 5.11 
Effe c t of electrolyte on fluorescence decay parameters 
Of 1 X 10- 3 mol z- l pyrene in 0.05 mol z- l SOS. 
[NaCl] /mol z- 1 
0.00 
0.10 
0.25 
0.50 
T 1/ns 
66 
67 
69 
71 
Excimer 
T 2 /ns 
19 
20 
20 
23 
x2 
V 
2.1 
1.6 
1.9 
2.7 
6t /ns 
max 
33 
34 
35 
38 
To calculate the aggregation numbers of SOS as a function of 
salt concentration, the fluorescence intensity ratios were corrected by 
the factors A0 T0 /AT for both monomer and excimer intensities. The 
values of A0 T 0 /AT were taken from the decay curves of the monomer 
fluorescence. Then the aggregation numbers were calculated using the 
probability curve (Figure 5.13) and the corrected experimental intensity 
ratios. The results are shown in Table 5.12. 
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Table 5.12 
Effect of electrolyte on micelle size of SOS (0.05 mol i- 1 ). 
[NaCl]/mol i- 1 
0.00 
0.03 
0.10 
0.20 
0.25 
0.50 
/ 
4.80 
6.09 
6.76 
7.89 
Aggregation Number 
This Work 
74 
85 
90 
98 
b Lit. Values 
62 
72 
101 
142 
1-1b CMC/mol & 
0.00810 
0.00310 
0.00090 
0.00052 
Corrected for monomer fluorescence coming from multiply occupied 
micelles. 
Elworthy et al. [1968]. 
An increase in the electrolyte concentration decreases the 
electrostatic repulsion between ionic surfactant molecules in the 
micelle which causes the formation of larger (and therefore fewer) 
micelles. It should be noted that the addition of electrolyte also 
lowers the critical micelle concentration (Table 5.12) and this will 
tend to increase the amount of surfactant available for micelle 
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formation. At 0.05 mol i- 1 sos (well above the CMC) this latter effect 
will be small in comparison with the effect of size change. Because the 
' number of pyrene molecules is unchanged they are confined to fewer 
micelles and the mean number of pyrene molecules per micelle, µ, 
increases and hence the ratio of excimer to monomer fluorescence 
increases. The micelles are now of course larger and this in turn 
should influence the excimer-monomer equilibrium in multiply occupied 
micelles. This influence can be seen in the excimer decay curves for 
which the parameter 1 6t - the time taken for the curve to r e ach a 
max 
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maximum increases with the addition of salt (Table 5.11). This 
result is analogous to the effect obtained in homogeneous solutions by 
lowering the concentration (Figure 3.1) or increasing the viscosity 
[Speed and Selinger 1969]. That is the mean collision time between 
excited monomer and partner is increased. Reference to the monomer 
decay curves obtained in the micellar system shows that the addition of 
electrolyte causes an increase in the contribution of the short 
component (monomer fluorescence from multiply occupied micelles) at the 
expense of the long component (monomer fluorescence from singly occupied 
micelles). The effect of electrolyte on micelle size, particularly for 
cationic surfactants, depends on the nature of the electrolyte and is 
not simply an ionic strength effect.t 
5.1.3.2 Effect of temperature on micelle size 
Nonionic surfactants form micelles for which the aggregation 
number is very sensitive to temperature. An increase in temperature 
causes an increase in the aggregation number because hydrogen bonding 
between the surfactant molecules and water is decreased. 
t A number of micellar systems behave as coa cerv a t es in that they 
separate into two phases at a critical electrolyte concentration. 
This effect becomes operative at much lower concentrations for 
cationic surfactants than anionic surfactants. Between zero 
electrolyte concentration and the critical electrolyte concentration, 
a transition of the micellar aggregate from an essentially isotropic 
to an anisotropic particle may occur over an electrolyte transition 
range. This i~ believed to be true when micellar dissociation is 
critically supressed. CDBA has been suggested to be such a case 
[Cohen and Vassiliades 1961]. For those systems in which micellar 
dissociation increases with the addition of electrolyte to a 
relatively high value, the micelle grows to a limiting spherical 
value. It is considered that micelle size changes in cationic 
surfactants deserve more detailed studies. 
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The effect of temperature on the fluorescence of pyrene in 
Triton Xl00 is shown in Figure 5.16. An increase in temperature results 
in enhanced excimer emission at the expense of the monomer emission, for 
larger but fewer micelles form. Both an increase in temperature and the 
formation of larger micelles should favour increased monomer emission, 
but both these effects are outweighed by the fact that there are now 
fewer micelles to hold all the pyrene solute and soµ increases. 
A quantitative evaluation of the micelle size change upon 
change in temperature is not possible without first determining the 
temperature d e pendence of the kinetics of excimer formation. The 
results of an approximate evaluation using fluorescence intensity ratios 
and the probability curve of Figure 5.13 are given in Table 5.13. 
Table 5.13 
Effect of temperature on micelle size of Triton Xl00 (40%}. 
Temperature 
oc 
23 
25 
33 
38 
43 
53 
¢'/¢ 
0.71 
0.81 
1.06 
1.39 
1.67 
2.19 
5.1.3.3 Effec t of ethylene oxide 
chain length on micelle size 
Aggregation 
Number 
63 
71 
90 
114 
132 
163 
Generally, the CMC's of nonionic surfactants (typically of the 
order of 10- 4 mol z- 1 ) are lower than those of the ionic surfactants. 
Micelle size increases with increasing temperature and with de c reasing 
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ethylene oxide chain length. The effect of ethy lene oxide chain length 
on micelle size has been studied for some polyoxyethy lene alcohols. The 
micelle sizes were obtained from the combination of corrected 
fluorescence spectra of pyrene in these surfactant solutions and the 
probability curve shown in Figure 5.13. The results given in Table 5.14 
indicate an increase in micelle size with decreasing (E.O.) chain length. 
Table 5.14 
Effect of ethylene oxide (E.O.) chain length 
on micelle size of some ICI (Aust.) products. 
Trade Name 
Teric 1 2A2 3 
Teric 12Al2 
Teric 12A8 
5.1.4 Discussion 
Hydrophobic 
lauryl alcohol 
lauryl alcohol 
lauryl alcohol 
E.O. moles 
23 
12 
8 
Aggregation 
Number 
24 
31 
44 
The fluorescent probe technique as us ed to study the micellar 
aqueous system involves the insertion of the p r obe i n t o t h e r e qu i r ed 
region of the system studied. Pyrene is very insoluble in water and is 
solubilised in the interior of the ionic micelles. Thus the excllTler of 
pyrene offers a possibility of studying the interior of ionic micelles. 
With the pyrene excimer as a fluorescent probe, a method has been 
developed to calculate the micelle size. Ideally, the fluorescent probe 
should not interact with the surfactant mol e cule o r p erturb its 
propert ies. Th is ideal situation, however, does not always p r e vail in 
practice. The presence of the solutes in t h e mi cell e s distorts the 
micelle size, normally making it bigger, and so t he micelle s i ze 
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calculated from pyrene excimer measurements is the size of a micelle 
which contains the solute probe. However, the low occupancy of solute 
pyrene minimises this distortion. It has been assumed in each 
experiment that the shape of the micelle remains spherical. The pyrene 
excimer, used as a fluorescent probe, does not seem to b e sensitive t o 
the shape of micelles. For the case of the bigger micelles, such as 
those obtained when electrolyte is added to anionic micelles or when the 
temperature of nonionic micelles is raised, the micelle sizes 
calculated using pyrene excimer are smaller than the literature values. 
For nonionic micelles the solute pyrene seems to be 
solubilised in the more polar region of the micelles. The fluorescence 
lifetime of pyrene monomer in Teric G9Al0 is shorter than that in SDS 
(Table 5.7). It is quite possible that pyrene solutes are solubilised 
in the ethylene oxide region of the nonionic micelles as indicated in 
Figure 4.3c. (Pyrene is quite soluble in triethylene glycol 
(CH20CH2 .CH2 OH) 2 }. Here again if the solute probe we re solubilised in 
the ethylene oxide region the effective volume of the micelle would be 
quite different from that obtained assuming a spherical solubilising 
micelle. The probe will then predict a much smal l er mice lle , again 
underestimating the true micelle volume. The micelle sizes of the Teric 
12A series with different ethylene oxide chain lengths given in Table 
5.14, are also as a whole smaller than the literature values. However, 
the micelle size of nonionic surfactant solutions is quite dependent on 
the surfactant purity and the actual number of ethylene oxide units in 
the chain. 
5.2 EXCIPLEX FORMATION IN SURFACTANT MICELLES 
Weller [1967] found that the emission maximum of some 
arylamine-aromatic hydrocarbon exciplexes was red shifted by up to 
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4000 cm- 1 if the solvent were changed from hexane to acetone. This red 
shift of the exciplex emission band in polar solvents has been shown to 
be quite general for exciplexes and is evidence of their dipolar nature. 
It is in this context that an investigation of the polarity dependence 
of the exciplex emission from within the micelles formed by various 
surfactants has been undertaken. After an exciplex has been formed in a 
polar solvent, a non-fluorescent solvated ion pair may be formed by the 
excited electron donor and acceptor pair. The significance of this 
process occurring in~polar solvent is that the fluorescence of the 
exciplex is reduced, and in the limit many exciplexes do not fluoresce 
in polar solvents. There are, therefore, a limited number of exciplexes 
suitable for use as fluorescent probes to examine the polarity of the 
interior of micelles. 
The exciplex formed by 1-cyanonaphthalene (donor) and 
naphthalene (acceptor) is suitable as such a fluorescent probe. The red 
shift of its fluorescence maximum has been measured in polar solvents 
[Selinger and McDonald 1972]. The exciplex emission has been observed 
with each surfactant used. The shift in the maximum of the exciplex 
emission, relative to the exciplex emission in cyclohexane, is as shown 
in Table 5.15. 
This investigation has shown that the order of polarities of 
the fluorescence site for the three classes of s urfactants is as 
follows: 
nonionics >methanol> anionic > cationic. 
Table 5.15 
Shift in position of 1-cyanonaphthalene-naphthalene 
exciplex relative to cyclohexane. 
Solvents Micelle Red Shift/cm - 1 
Cyclohexane 0* 
Ethyl propionate 710* 
Methanol 1660* 
SDS anionic 1526 
CDBA cationic 1415 
Teric LAB nonionic 1852 
Teric 12A23 nonionic 1852 
* Selinger and McDonald (1972). 
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If the region of solubilisation in the n nionic micelles is the ethylene 
oxide region (indicated in Figure 4.3c) then the high polarity of non-
ionic micelles, as shown by the exciplex probe, would be explained. 
5.3 FLUORESCENCE QUENCHING IN 
SURFACTANT MICELLES 
In recent years there has been an expanding interest in the 
study of surfactant micelles using the fluoresce nQG quenching techniques. 
Hautala, Schore and Turro (1973) used the variation in the fluorescence 
lifetime of naphthalene upon addition of quenchers to explore the 
distribution of naphthalene in aqueous solutions of ionic surfactants. 
They concluded that the fluorescence quenching of naphthalene in 
cationic micelles by Br- ions was due to the electrostatic attraction 
between the cations of the micelles and the Br- ions. More re cently, 
Chen, Gratzel and Thomas (1974) measured the quenching rate by I ions 
of pyrene in mi celles. They analysed their results in terms of th8 rate 
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of entry of quencher into the micelles. In addition, they studied mixed 
- + micelles formed between sodium taurocholate (TCHA, RCONH(CH 2 )S0 3Na) and 
sodium dodecyl sulphate (SOS) using pyrene as a fluorescent probe. From 
the results of their experiments using triethylamine and I ions as 
quenchers, they suggested that the separation of the negative polar 
groups in the TCHA micelles was larger than in SOS micelles, because the 
rate of entry of I ions increased with TCHA concentration. From the 
slower entry rate of triethylarnine they were able to predict the 
viscosity of the mixed micelles formed at different concentrations of 
TCHA. 
In the present work, the quenching effects of metal ions and 
neutral quenchers on the fluorescence of hydrocarbon molecules in 
micelles have been examined and the influence of the charge of a micelle 
has also been investigated. 
5.3.1 Effect of Electrostatic Charge 
on Fluorescence Quenching 
Tne extent of fluorescence quenching by added quenchers has 
been studieq using Stern-Volmer plots. The parameter Ch, the 
concentration of quencher which halves the intensity of fluorescence 
from the primarily excited molecules, is used as a measure of the extent 
of fluorescence quenching. 
The different values of Ch obtained from the Stern-Volmer 
1 f · d h h 1 h h db Mn 2 + and Co 2 +, are shown pots or excite - nap ta ene wen quenc e y 
in Table 5.16. The lower Ch values in anionic micelles (SOS) indicate 
that the electrostatic attraction force between the positive ions of the 
quenchers and the negative ions of SOS micelles facilitate the quenching 
of excited naphthalene inside the micelles. 
Table 5.16 
Quenching of 10- 4 mol z-l naphthalene fluorescence by metal ions. 
Quencher 
CoC1 2 
CoC1 2 
Solvent/Micelle 
Water 
SDS (anionic) 
Water 
SDS (anionic) 
6. 60 X 10- 2 
2. 45 X 10- 3 
3. 50 X 10- 2 
1. 31 X 10- 3 
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The influence of the charged micelles upon quenching efficiency 
has also been demonstrated by the Mn 2 + ion quenching of pyrene 
fluorescence in different micelles. The results are presented in Table 
5.17. The high Ch value for the cationic micelle is due to the 
repulsion between the ions of opposite charge. The Stern-Volmer plot 
for pyrene quenched by Mn 2 + ions is given in Figure 5.17. 
Table 5.17 
Quenching of 10- 5 mol z- 1 pyrene fluorescence 
in different solvents by Mn 2 + ions. 
Solvent/Micelle 
SDS (anionic) 
Water 
CDBA (cationic) 
Lifetime of 
Pyrene/ns 
388 
207 
5.3.2 Selective Fluorescence Quenching 
5.1 X 10- 4 
8. 8 X 10- 3 
""1.35 
Selective fluorescence quenching is the technique developed in 
the course of the present work, in which the location of fluorescent 
-
137 
3·0 
2·0 
l·O 
4 8 12 
CONCENTRATION OF MnCl
2 
1104 mo1i1 
Figure 5 .17. Ste rn-Volmer plot for quenching of 10-s rnol l- 1 
pyrene in 0.05 rnol l- 1 SOS by Mn 2 +. 
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species is deduced by means of quenchers of the appropriate charge and 
solubility. Ions and molecules containing heavy a t oms have been used as 
quenchers as these exert a general quenching effect on fluorescence by 
spin-orbital interac t ion which promotes intersystem crossing to the 
triplet. 
The Mn 2 + i·on is soluble in water d ·t ·11 h ·t d an i wi quenc exci e 
species in the aqueous phase. It can also penetrate negatively charged 
micelles and quench species therein but cannot penetrate positively-
charged micelles as it is repelled by their surface charge. Analogous 
considerations apply to the use of I ion as a quencher. On the other 
hand, p-chloroiodobenzene (CIB) is quite insoluble in water and there-
fore will only quench species which are contained in micelles. 
Using these three quenchers it is possible to devise 
experiments to show in which phase (aqueous, micellar, or perhaps 
interfacial) the fluorescent species of interest are located. Such 
differentiation is obviously not possible with quenchers like oxygen 
which dissolve in both water and the micelles. 
The quenchers which would be expected to be active in each 
phase are given in Table 5.18, and these predictions have been confirmed 
using pyrene in surfactant solutions and naphthalene in water. The 
effectiveness of the quenchers is measured by the mean quenching 
concentration Ch. 2+ The value of Ch for Mn quencher of the fluorescence 
of pyrene monomer in anionic surfactant (SOS) is 5. 1 x 10- 4 , in water it 
is 8.8 x 10- 3 and -in cationic surfactant CDBA it is about 1.35 
(ineffective) (Table 5.17). For naphthalene, with its shorter lifetime, 
the values of~ are higher than for pyrene (Table 5.16). Thus cation 
quenchers are present in higher concentration in the double layer and 
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Table 5.18 
Effectiveness of quenchers in each phase of a surfactant system. 
urfactant 
Quench Anionic Cationic Nonionic 
Territory 
Aqueous 
- 2+ - 2+ - 2+ 
phase I Mn I Mn I Mn 
Micellar CIB Mn 2+ CIB - Mn2+ I -interior I CIB 
Both 2+ - Mn 2 + -
phases Mn I I 
Gouy-Chapman layer of anionic surfactant micell e s and exert a boosted 
quenching effect on their contents. Experiments with 2-naphthol also 
show that a charged species does not exert any significant effect on an 
excited ion of like c h a ry e . For e xumplc , t h e fl uorc.;'.:;cence from a n 
aqueous solution of 2-naphthol at pH 5-6 shows fluor e sce nce from both 
ROH* and RO-* (detailed studies follow in Section 5.4.3). The addition 
of I causes a uniform decrease in the fluoresc e nce intensity from both 
species as I quenches only ROH*, from which Ro-* is formed, and does 
not quench Ro-* directly. On the other hand with Mn 2 + as quencher there 
is a greater ' decrease of RO-* intensity t ha n o f t he ROH* i nt ens i t y 
-* b ecause the RO e mis s ion i s que nc he d direc tly, in a ddition t o t he 
diminution due to quenching of ROH* (Figure 5.18). 
5.4 PROTOLYTIC REACTIONS IN SURFACTANT MICELLES 
Weller [1952) made quantitative s tud i e s of the a cid-ba s e 
reactions of nap hthols. * He es tabli s h e d t~e ir pK and p K values at 
different temperatures. Tong and Glesman [1957) examined the 
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interaction of a nwnber of phenols including 1-naphthol with the non-
ionic surfactant Triton Xl00 at different pH and constant ionic strength. 
They determined the distribution coefficient of ROH between water and 
n-octanol and showed that it was similar to the distribution coefficient 
of ROH between micelles and the aqueous phase but dissimilar to the 
distribution of RO- between micelle and the aqueous phase. They 
concluded that ROH is dissolved in the micelle interior but RO- is 
incorporated in the periphery as part of the micelle itself. These 
workers also noted that the pK values for the phenols increased by over 
a 
one pH unit on the addition of nonionic surfactant. More recently, 
Klein and Hauser [1975] studied the behaviour of 2-naphthol in anionic 
micelles using SOS as the surfactant. They also observed that 
2-naphthol, dissolved in micellar aqueous SOS solution, is distributed 
between the water and the micelles as if between two phases. While the 
2-naphthol dissolved in the water shows the well known protolytic change 
in fluorescence, the 2-naphthol dissolved in the micellar phase does not 
show the fluorescence of the naphtholate anion, even when the 
surrounding water is basic. 
2-Naphthol has a pK (in water) of 9.49, but in the first 
a 
excited singlet state the pK* drops to 2.8 [Weller 1952]. It is a much 
a 
stronger acid in the excited state. The equilibrium is however not 
completely established during the lifetime of the electronically e xcited 
state. Klein et al. [1975] have observed that in the presence of 
anionic surfactant micelles it is not established at all. 
Excited state protolytic reactions have been studied because 
the distribution of solutes across the micellar interface could be a 
model for ion transport across biological membranes in that the micellar 
system is virtually two phases separated (in the case of ionic 
surfactants) by a charged interface. 
5.4.1 The Decay of 2-Naphthol Fluores cence 
The protolytic reaction of 2-naphthol in water can be 
represented as 
RO-+ HO+ 3 
The pK value in the ground state at 25 °C i s 9 . 49 and in the first 
a 
excited singlet state, the pK* drops to 2.82 [We ller 1952). At an 
a 
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intermediate pH value of say 5-7, after excitat i on ROH* will attempt to 
dissociate according to the equilibrium: 
-k 
ROH*+ H2 0 
"-k 
After excitation, the fluorescen c e of both ROH* and RO-* will occur 
according t o the following reaction scheme: 
-k 
ROH*+ H2 0 
-k 
ROH+ hV ROH RO + hV' RO 
where k and k' are radiative rate constants and k and k ' are 
e e q q 
-
non-radiative rate constants. 
The fluorescence spectrum of 2-naphthol in water at pH 6 is 
shown in Figure 5.19. * The fluorescence of ROH occurs to the short 
wavelength side and RO-* to the long wavelength side of the spectrum. 
This fluorescence spectrum has been obtained by exciting ROH in the 
ground state. As RO-* fluorescence is emission from a species formed 
indirectly according to the above reaction scheme, the decay of RO-* 
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fluorescence requires an interval of time to build up to a maximum 
before it starts to decay. However, as ROH* has been excited directly 
from the ground state, the fluorescence decay of ROH* shows no time 
delay. The fluorescence decay curves of the two species are given in 
Figure 5.20. The fluorescence lifetimes of 2-naphthol (as ROH) in 
different solvents are given in Table 5.19 and the fluorescence decay 
parameters of 2-naphtholate anion (RO-) in water and in Teric 12A23 are 
given in Table 5.20. At higher pH values onl y the RO- species is 
present in the ground state, and after excitation only Ro-* fluorescence 
is observed, according to the reaction scheme: 
Table 5.19 
Fluorescence lifetimes of 2-naphthol in different so lve nts. 
Water 
Cyclohexane 
Ethanol 
Solvent 
SOS (0-.1 mol z- 1 ) 
Teric 12A23 (1. 3 x 10- 2 mol z- 1 ) 
* Berlman [1971]. 
Lifetime, T/ns 
5.0 
13.3* 
8.9* 
9.1 
8.6 
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5000 4000 3500 
WAVELENGTH (Angst roms) 
- 4 Figure 5 .19 . Unco rre c ted fl uores cen ce spe c trum of 1. 5 x 10 
mol z-l 2-naphtho l in wa t er at p H 6 (ro om t e mp erature). 
Excitat ion at 316 nm. 
(a ) ROH * emi s sion . 
(b) Ro- * emiss ion . 
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Figure 5 . 20 . Fluorescence decay of 2-naphthol in water at pH 6 . 
Excitation at 316 run (2 nm band pas s ) . (a) decay curve of 
Ro- * (observed at 450 nm); (b) decay curve of ROH * 
(obs erved at 350 nm); (c) decay c urve of the air flash lamp. 
The time scale is 0 . 21 ns per c hannel . 
Table 5. 20 
The fluorescence decay parameters of 2-naphtholate anion 
(Ro-*) in aqueous solutions pH= 6 at 21 °C. 
Solvent 
Water 
5 .12 x 10- 4 mol z- 1 Teric 12A2 3 
hV 
RO 
9.31 
9.89 
3.87 
3.50 
RO + hV' RO 
RO-* 
X 2 
\) 
5.8 
3.2 
6. t /ns 
max 
5.81 
5.63 
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Here the decay of RO- fluorescence shows no time delay as it has been 
directly excited by the radiation. The fluorescence lifetime of RO-* at 
pH 11 is 9. ~ ns. The decay of the anion in 5 .12 x 10- 4 mol z- 1 Teric 
12A23 at pH 6 also shows a time delay (Table 5.20). At this low 
concentration of surfactant, just above the CMC, the ROH species is 
distributed between the micellar phase and the aqueous phase. The 
results presented in Table 5.20 show that the anion is formed from the 
ROH which is in the aqueous phase. When the concentration of surfactant 
is increased all the ROH is solubilised in the micelles and no RO-* 
fluorescence is detected. However, the Ro-* fluorescence can be 
observed by setting the pH of the solution approximately equal to the 
pK of the solute in the particular surfactant used.t The fluorescence 
a 
decay of RO-* observed under these conditions shows no time delay. For 
t The effect of surfactant on the pK is examined in Section 5.4.2. 
a 
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example, the fluorescence decay is shown in Figure 5.21. A single 
exponential was convoluted with the lamp pulse and fitted to the decay 
* curve. The fluorescence decay of ROH under thes e conditions also 
shows no time delay. These experimental results show that the 
fluorescence emission of the acid and anion are photophysically 
unconnected. The ROH*, formed within the micelle does not dissociate 
and the observed Ro-* fluorescence comes from the direct excitation of 
RO-. In the micellar solutions the dissociation is inhibited within the 
lifetime of the electronically excited ROH. 
5.4.2 Effec t of Surfactants on 
the pK of 2-Naphthol 
a 
The ground state pK for acid-base reactions of the type: 
a 
ROH+ OH 
can be determined by measuring the absorption spectra as a function of 
pH. pH measurements are an indication of the OH concentration in the 
above equilibrium. For 2-naphthol, as can be seen from Figure 3.6, t h e 
RO-* fluorescence intensity increases with increasing pH, at the expe nse 
of the ROH* fluorescence. This is due to the shift of the ground state 
equilibrium towards the right. I"°' this high pH region, therefore, it is 
possib l e to determine the pK of the 2-naphthol ac id-base reaction by 
a 
fluorescence spectroscopy. The effect of surfactants on the ground 
state pK of the 2-naphthol reaction was stud ied by absorption and 
a 
fluorescence techniques. Th e abs o rbances and the fluorescence 
intensities of the naphtholate anion were measure d as a function of pH 
and the pK values were extracted from the point of inflexion o f the 
a 
titration curve s. 
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2 0 
0 . 1 rnol z- l SOS at p H= 10.6 at 21 °C . --) t he re s ulta nt 
fitted to the e xper imental data (x) a f t er con vo lut ion. 
T = 1 0 n s ; = 3 . 0 8 . 
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The absorption spectra of 2-naphthol in water and in the 
presence of different micelle forming surfactants were measured as a 
function of pH. A borax buffer was used and HCl and NaOH were adde d to 
adjust the pH. The absorption spectra of 2-naphthol in SOS as a 
function of pH are given in Figure 5.22. With increasing pH, the 
absorption peak occurs at longer wavelengths due to the shifts in the 
ground state acid-base equilibrium. The absorbance of RO for different 
pH values was plotted and the pK values were extracted from the 
a 
titration curves shown in Figure 5.23. The pK values are presented in 
a 
Table 5.21. 
t 
Table 5.21 
pK of 2-naphthol in diff e rent surfactant solutions at 21 °C . 
a 
Surfactant 
Water (Borax buffer) 
0.025 mol z- 1 CDBA 
0.050 mol z- 1 SDS 
5% Triton XlOO 
5% Teric LAB 
Absorption 
9.55 
8.70 
10.70 
11.00 
pK 
a 
Fluorescence 
9.50 
8.63t 
10.70 
10.97 
10.95 
In cationic surfactants there is no enhancement of the fluorescen c e 
intensities of RO-* with pH. However, the reduction in the 
fluorescence intensities of ROH* with pH is used to determine the pK 
and the result is in agreement with that of the absorption method. 
The fluorescence spectrum of 2-naphthol in water and in t he 
a 
presence of different surfactants was also measured as a function of pH. 
The fluorescence spec trum of 2-naphthol in Triton XlOO for different pH 
1 ·s · n · F' e 5 24 The fluorescence intensities of RO-* at va ues i give in igur .. 
430 nm were plotted against pH (F i gure 5.25) and the pK values obtained 
a 
using this method are also given in Table 5.21. 
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F igure 5 . 22. Absorption spec tra in l . 5 x 1 0- 4 mol z- 1 2-naphthol 
l - 1 in 0 . 05 m9l SOS at 21 °C. 
(a) pH= l0. 2 ; (b ) pf-1=10 . 7 ; (c) pH=ll.2 ; (d) pf-1=11 . 8 . 
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The pK obtained by the absorption and the fluorescence 
a 
techniques are in good agreement within the experimental error. The 
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results presented in Table 5.21 indicate that the pK of 2-naphthol is 
a 
raised by anionic and nonionic micelles and lowered by the cationic 
micelles. 
The pK of an acid base reaction in a micellar solution is 
a 
influenced by the salvation effect at the site of fluore s cence and for 
ionic surfactants by the charge distribution in the double layer 
(micelle periphery). The effect of salvation on the pK can be observed 
a 
by noting the change in pK in nonionic micelles with respect to water. 
a 
The effect of the nature of the charge of the micelles on the pK can be 
a 
obtained from the results obtained with CDBA and SOS. 
The effect of ionic surfactant micelles on the pK o f 
~ 
2-naphol can be explained on the basis of the standard free energy of the 
individual species involved in the reaction. The pK value is a dire ct 
a 
measure of the free energy change for the reaction according to the 
relation: 
t For the reaction 
where 
pK 
a 
= 2.303 RT+ pKW 
ROH+ OH 
-[RO ] K' = [ROH] [Olr] 
K = 
[ RO - ] [ H 3 0 + ] 
a (ROH] 
K 
K' a = I 
¾ 
¾ = [H 3 0+] [OH- ] 
,...___ 
,..__, 
t 
10- 1 4 
. 
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6G0 is the energy gap between the ground state energies of ROH and RO as 
illustrated below. 
RO 
ROH+ OH 
In order to explain the charge effect, the acid-base reaction 
may be assumed as: 
In water: 
- -ROH(aq) + OH (aq) ~ RO (aq) + H20. 
In micellar systems: 
ROH (micelle interior) + OH (micell e periphery) 
~ RO (micelle periphery) + H20. 
Cationic micelles with positive head groups would effectively stabilise 
the charged species RO and OH so that 
6G0 (cationic micelles) Q < 6G (water) 
Anionic micelles with negative head groups would, on th e other hand, 
destabilise the charged species so that 
6G0 (anionic micelles) > 6G0 (water) 
The essential difference is that it requires energy for an OH to 
Using 
then, 
6 G0 = - RT l n K' 
pK 
a 
= + pK . 2.303 RT W 
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approach to the periphery of an SDS micelle and that RO, if it remains 
in the periphery of the micelle, is destabilised. Both effects are due 
to electrostatic interaction. It requires much less energy for an OH 
to approach the periphery of a cationic micelle and RO which remains in 
the periphery, is stabilised. 
In the case of nonionic micelles, the electrostatic factors 
just mentioned are relatively unimportant. The increase measured in the 
pK may arise primarily from the difference in the environment of the 
a 
solubilised species. The ROH molecules which are in the micelles would 
be stabilised more effectively than those in the aqueous phase so that 
6G (nonionic micelles) > 6G (water) 
Hence, the pK measured with a nonionic surfactant is higher than that 
a 
measured in water . For ionic micelles this solvation effect is much 
smaller than the charge effect. 
5.4 . 3 Distribution of Hydrophilic 
Solutes in Micelles 
In the study of acid-base reaction in surfactant solutions it 
is important to know the solubilisation site of the species. The 
selective fluorescence quenching technique described in Section 5.3.2 is 
used to examine the distribution of 2-naphthol and 2-naphtholate anion 
in micellar aqueous systems. 
5.4.4 Results and Discussion 
* At neutral pH in water 2-naphthol shows fluorescence from ROH 
and RO-*. The addition of small amounts of anionic surfactant (just 
• 
15 7 
above the CMC) causes a marked increase in the fluor e scence intensity of 
ROH*. This is because the anionic micelles raise the pK of those 
a 
2-naphthol molecules which are solubilised. I t was under these 
conditions of a small number of micelles, whe n fluorescenc e from both 
solubilised and free s olute is seen, that the selective quenching 
experiments were carried out. 
The iodide ion quenches ROH* emission from the a que ous phase 
(and also reduces Ro-* emission equally) leaving the ROH* fluor escence 
from the micelles unaltered (Figure 5.26). CIB quenches the ROH* 
emission from within the micelles but leaves unaltered the ROH* (and 
RO-*) emission from the aqueous phase. When the pH of the micellar 
solution is raised above the pK of the solute for a give n surfact ant, 
a 
the 2-naphthol in the ground state is converted totally to the RO 
species and the fluorescence is totally that fro m Ro-*. We now find 
that CIB no longer exerts any quenching effec t and so under the se 
conditions no RO is present in the interior of the micelle . 
In cationic micell e s the pK of 2-naph thol is lowered to suc h 
a 
an extent that in neutral so l ution some RO is already present in the 
ground state and hence is detected in fluorescence. Otherwise analogo u s 
arguments hold allowing for the change in sign o f the micellar charge . 
The addition of nonionic surfactant also causes a marked 
increase in the fluorescence intensity of ROH*. The ROH* fluoresc e n c e 
increases at the expense of RO-* fluoresc e nce as the conce ntration of 
the n.,nion i c surfactant increases (Figure 5.27). I n nonionic micelles 
the absenc e of a charged interface means that the only selective 
quenching experiment that can be carried out re lies on th e insolubility 
of CIB in water (F i gure 5.28). CIB quenches ROH* fluorescence i n the 
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Figure 5. 26. Uncorrected f l uo r e scence spectra of 1. 5 x 10- 4 
rnol z- 1 2-naphthol in 1. 0 x 10- 2 rno l z- 1 SOS: 
(a) alone ; 
(b) with addition of 0.4 rno l z-l of NaI . 
158 
-V, 
-C 
:::, 
-
>-~ 
Cf) 
z 
w 
~ 
z 
159 
5000 4000 3500 
WAVELENGTH (Angstroms) 
- 4 F i gure 5. 2 7. Uncor rected fluore scence spectra of 1. 5 x 10 
mol z-l 2-naphtho l in water: 
(a) alone ; 
(b) with additio n of l.0 X l 0- 3 mol z-l Te r ic 12A23 ; 
(c) with additio n of 2.56 X 1 0- 2 mol z-l Teric 12A23. 
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-4 Figure 5. 28. Uncorrecte d fluorescenc e spectra of 1. 5 x 10 
mol z- 1 2-naphthol in 5 .12 x 10- 4 mol z- 1 Teric 12A23. 
(a) alone; 
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interior of the micelles. . -* At pH= 11 the fluorescence is totally RO 
_"IC 
and CIB quenches some of the RO fluorescence. ~his auenchina effect 
shows that RO-* fluorescence comes in part from a region of the micelle 
accessible to the quencher - so that RO appears to be deeper in the 
micelle than in anionic surfactants. This result is in accord with 
previous observations [Tong and Glesman 1957] which place the RO in the 
outer region of the nonionic micelles. 
A crude pictorial representation of selective fluorescence 
quenching of 2-naphthol in SDS aqueous solution is shown in Figure 5.29. 
This serves as a guide for locating hydrophilic or hydrophobic solutes 
in micellar or aqueous phases. 
5.5 ENERGY TRANSFER IN MICELLAR SYSTEMS 
Transfer of excitation energy between a donor and acceptor 
molecule has been investigated in micellar environments [Singhal, 
Robinowitch, Hevesi and Srinivasan 1970; Almgren 1972; Shinitzky 
1973; Wallace and Thomas 1973; Kenney-Wallace, Flint and Wallace 
1975]. Locations of solutes in the micellar aqueous systems and 
information on micellar structures can be derived from investigations of 
energy transfer processes in micellar systems. 
The transfer of excitation energy from thionine to methylene 
blue in micellar SOS has been reported [Singhal et al. 1970]. The 
extent of the energy transfer from thionine to methylene blue on the SOS 
surface decreases with increasing SOS concentration. This effect has 
been attributed to the decrease in the average number of dye molecules 
per micelle with increasing surfactant concentration at a given dye 
concentration. At the optimum transfer efficiency each micelle was 
16 2 
-
Mn2 + 
-
' _,tt, t 
.....ii, .... RO =, ::>.ROH 
~ I 
\. 
' 
-I 
Figure 5.29. A crude representation of " s ele ctive fluorescence 
quenching". Fluorescence of 2-naphthol in SOS aqueous 
. 2+ -
solution quenched by CIB, Mn and I . 
calculated to be associated with 10 - 14 dye molecules [Singhal e t a l . 
19 70] . 
Energy transfer from sodium phenyl unde canoate to naphthalene 
has been us ed to calculate the agg r egation number and the CMC of the 
surfactant [Almgren 1972]. He reported the CMC and the aggregation 
number to be 9 . 1 x 10- 3 rnol z- 1 and 75, respe c tive ly. 
Energy transfer from pyrene to rhod ami ne 6G has been 
investigated using the laser photo lysis tech n iqu [Ke nne y-Wallac e et al . 
1975]. From the fluorescence life time of a solut i on of p y rene in the 
presence of rhodamine 6G in SOS , the rate constant f o r energy t r ansfe r 
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was determined. From this result they calculated the distance between 
the donor and the acceptor molecules to be 28 ~- Assuming pyrene to be 
in the interior of the micelles they concluded that the dye molecules 
were solubilised in the Stern-layer of the micelles. 
In addition to the energy transfer occurring within micelles, 
it would be also possible to have energy transfer between micelles 
separated by the aqueous phase. With this in mind, the energy transfer 
from pyrene to perylene will be examined. 
5.5.1 Energy Transfer from Pyrene to Perylene 
Because there is a considerable overlap between the 
fluorescence spectrum of pyrene and the absorption band of perylene, as 
shown in Figure 5.30, excitation energy transfer between these molecules 
can be expected. Excitation energy transfer from excited pyrene to 
ground state perylene occurs by means of the very weak dipole-dipole 
interaction mechanism [Mataga, Kobashi and Okada 1967]. Theoretical 
studies of energy transfer have been mainly developed by Forster and the 
mechanisms of energy transfer have been reviewed by him [Forster 1967]. 
In our study, these molecules are chosen because selective excitation of 
pyrene at 3371 i is favoured by the minimum extinction coefficient of 
perylene at that wavelength (Figure 5.30). Pyrene and perylene are 
solubilised in the interior of the micelles and thus there is no 
complication by emission from the aqueous phase. 
The concentrations of pyrene, perylene and the surfactant 
(Teric G9Al0) are chosen such that the probability of having multiply 
occupied micelles is very low [7. 2 x 10- 5 mol z- 1 pyrene 2 x 10- 5 mol z- 1 
perylene in 0.4 mol z- 1 Teric G9Al0 the probability (P ~ 2) is very 
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Figure 5 . 30. Absorption spectra of (a ) pyrene ; 
of pyrene in Teric G9Al0. 
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t low]. In this condition the micelles can be a s sumed to be singly 
occupied. The absorbance of pyrene at 3371 i i s a hundred-fold highe r 
than that of perylene for the chosen conditions. The fluoresc ence 
spectrum of Teric G9Al0 solution containing pyre ne and perylene when 
exciting pyrene alone has perylene and pyrene emissions (Figure 5.31). 
The results indicate that there is excitation energy transfer from 
pyrene to perylene. 
However, the problem of direct excitation of perylene can no t 
be excluded. The decay of the fluorescence of p erylene (compone nt (b) 
in Figure 5.31) consists of two c omponents as s hown in Figure 5.32. The 
emission due to the short-lived species was separated by subtracting the 
emission contributed by the long-lived species. The resultant decay of 
the short-lived species has a lifetime of about 6.5 ns which is the same 
as that of perylene (about 7 ns) measured in the same surfactant 
solution which contains only perylene. Thus, the short component of the 
fluorescence decay is attributed to the perylene emission which is 
directly excited and the longer c omponent is the emission o f perylene 
which is excited by the energy transfer from pyrene. In this latter 
case, the perylene will mirror the decay of the pyrene and hence the 
lifetime (180 ns) becomes much longer. 
5.5.2 The Effect of Dilution with Water on 
the Extent of Energy Transfer 
The fluorescence intensity ratio o f the perylene t o pyrene 
fluorescence decreases with dilution with water (Figure 5.33). When the 
t For a solution of (7. 2 x 10- 5 + 2 x 10- 5 ;::::: 10- 4 mol l - 1 ) of solut es in 
0.4 mol l- 1 Teric G9Al0 (aggregation number 50), average mo lecule per 
micelle is 0.0125. Using Poisson distribution, P (~ 2) ~ 0. 
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solution is diluted with water, the micelles are further apart while the 
ratios of pyrene to micelles and perylene to micelles remain w1change d . 
Thus perylene emission due to intramicellar transfer and di r ec t 
excitation will not be expected to change with dilution. Howe ve r, the 
probability of energy transfer between two neighbouring mi ce lles will 
decrease on dilution with water as the distance between the two 
molecules increases. Therefore, this experimental result indicates that 
the observed change in energy transfer is due to the decrease in inte r-
micellar energy transfer although the presence of the intramice llar 
energy transfer, which almost certainly also occurs, will rema i n 
constant on dilution with water, can not be excluded. 
Kenney-Wallace et al. 's [1975] interpretation of their 
experimental result is ambiguous because the distribution of rhoda mine 
6G in the micellar phase and aqueous phase is not considered. The 
average number of molecules per micelle is small and thus very few 
micelles would have both~pyrene molecule and~rhodarnine 6G molecule. t 
The excitation energy transfer may occur from pyrene (which is in the 
interior of a micelle) to~rhodamine 6G molecule which is in the aqueous 
phase or in 4 neighbouring micelle. The rate constant for energy 
transfer (1.2 Xl0 7 s- 1 ) was very low compared to that in organic 
solvents.f 
t For a solution of 10- 5 mol z-l pyrene 
assumed micelle aggregation number of 
molecules per micelle is 0.06. 
in 10- 2 mol z- l sos with an 
60, the average number of 
f The rate constant for energy transfer take s the values 10 1 0 ~ 10 11 
litre/mole.sec in its order of magnitude in organic solvents [Mataga 
and Kubota 1970]. 
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The excitation energy transfer may occur from pyrene (which is in the 
interior of a micelle) to4rhodamine 6G molecule which is in the aqueous 
phase or in 4 neighbouring mice lle. The rate constant for energy 
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assumed micelle aggregation number of 60, the average number of 
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The rate constant 
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5.6 SUMMARY 
This thesis has explored the use of fluorescent species as 
probes to study the behaviour and properties of surfactant micelles. 
Use has been made of excirners, exciplexes, protolytic reactions and 
energy transfer systems as probes. 
The spectrofluorirneter and single photon counting equipment 
are described in chapter 2 together with the analysis of exponential 
and nonexponential fluorescence decay data. The theory of excited 
processes in normal homogeneous solution and the formation of micelles 
in aqueous solution are reviewed in chapters 3 and 4 respectively. 
The experimental results of this study are presented and 
discussed fully in chapter 5, _ and the rest of this section summarises 
the findings described in chapter 5. 
The statistical distribution of aromatic molecules in 
micelles has been examined using excimers as fluorescent probes. The 
ratio of the intensities of excimer to monomer fluorescence (¢'/¢) 
increases with the addition of a quencher. The time delay (~t max) 
for the excimers decreases as the concentration of solutes increases. 
The fluorescence decay of pyrene monomer in some surfactant solutions 
is nonexponential. These three experimental results have been explained 
on the basis of the statistical distribution of solutes in micelles. 
The Poisson distribution is found suitable for describing the statisti-
cal distribution of solutes in micelles. 
From the ratio (AT /AT) obtained from the monomer decay 
0 0 
curves, the ratio of multiply occupied micelles to singly occupied 
micelles has been obtained. Then the size of micelles has been 
calculated from the experimental values of (¢'/¢) and (AT /AT) and the 
0 0 
169b 
P(~2) 
theoretical curve off x P(l) using a Poisson distribution. The 
application of this technique has been delOOnstrated by studying the 
change in fluorescence quantum yield ratios and decay parameters with 
the ionic strength, temperature and length of surfactant molecules. 
Some work has been carried out on the polarity of the 
micelles. The polarity of the solubilisation site of the 1-cyano-
* 
naphthalene -naphthalene exciplex has been found to increase in the 
order: SDS, CDBA, methanol and nonionic micelles. 
In the protolytic reactions of 2-naphthol in surfactant 
* -* 
solutions, it has been found that the ROH and RO species are 
photophysically unconnected during the lifetime of the excited state. 
* The ROH species solubilised in the micelles does not dissociate at 
all. The pKa of the reaction increased in the presence of cationic 
micelles. The pKa is affected by the charge of the micelles and, in 
the case of nonionic micelles, the effect is caused by the salvation 
properties of the micelles. 
Using fluorescence quenchers having different charges and 
different solubilities in water and in micelles, a method has been 
developed for locating the position of various solutes. Applying this 
method to the 2-naphthol-naphtholate equilibrium,it has been found that 
the naphtholate ion is located in the Stern layer of anionic micelles. 
In a study of energy transfer from pyrene to perylene (both 
solubilised in micelles), it has been found that the probability of 
energy transfer decreases upon dilution with water. This result 
indicates that the energy transfer takes place by inter-micellar 
as well as intra-micellar processes. 
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